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ABSTRACT: Four experiments were conducted to determine the fermentation and energetic 
value of fiber in feed ingredients and diets fed to pigs. In Exp. 1, degradation of dietary fiber in 
the stomach, small intestine, and hindgut of pigs fed corn- or wheat-based diets without or with 
microbial xylanase was determined. Results indicated that the apparent ileal digestibility (AID) 
of GE in corn-soybean meal (SBM) or wheat-SBM diets was greater (P< 0.05) than in the corn-
SBM-distillers dried grains with solubles (DDGS) and wheat-SBM-wheat middlings diets, but no 
difference was observed for the AID of dietary fiber between wheat-SBM and wheat-SBM-
wheat middlings diets. The apparent total tract digestibility (ATTD) of dietary fiber was also 
greater (P < 0.05) in corn-SBM and wheat-SBM diets compared with corn-SBM-DDGS and 
wheat-SBM-wheat middlings diets, which indicates that the concentration of dietary fiber may 
influence the degree of fermentation of fiber. Inclusion of a microbial xylanase improved (P < 
0.05) the apparent duodenal digestibility (ADD) and the ATTD of nutrients and dietary fiber in 
wheat-based diets, indicating activity of xylanase in the gastro-intestinal tract of pigs. The 
concentration of DE and ME in wheat-based diets was also improved (P < 0.05) by microbial 
xylanase, but that was not the case if microbial xylanase was added to the corn-based diets. In 
Exp. 2, the hypothesis that values for ileal and total tract digestibility of dietary fiber in mixed 
diets are more accurately predicted from values for standardized ileal digestibility (SID) and 
standardized total tract digestibility (STTD) of fiber in individual ingredients than from values 
for AID or ATTD of fiber. Results indicated that measured and predicted AID, SID, ATTD, and 
STTD of most dietary fractions in diets based on wheat middlings and soybean hulls were not 
different. Likewise, no differences were observed between the predicted and measured AID and 
SID of all dietary fiber components in diet based on DDGS, wheat middlings, and soybean hulls. 
However, the measured AID, SID, ATTD, and STTD of some dietary fiber components in diets 
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based on DDGS and wheat middlings or DDGS and soybean hulls was different from the 
predicted values. The measured ATTD and STTD of some dietary fiber fractions in the diet 
based on DDGS, wheat middlings, and soybean hulls was also different from the predicted 
values. It was also concluded that values for SID or STTD did not improve additivity of 
digestibility values compared with values for AID or ATTD. Experiment 3 was conducted to test 
the hypothesis that pentoses that enter the small intestine may affect energy and CP utilization in 
pigs. Results indicated that AID of GE and OM in pigs fed a diet containing arabinose instead of 
glucose or xylose was reduced, but no difference was observed for the AID of CP and most AA 
among diets indicating that xylose and arabinose do not impact protein digestibility or utilization. 
No differences were observed for the ATTD of GE, DM, and OM, DE, N balance, and biological 
value of N among diets. However, more (P < 0.01) energy was excreted in the urine from pigs 
fed the xylose or arabinose diets compared with pigs fed the glucose diet, thereby reducing (P < 
0.01) ME in these diets compared with the glucose diet. The AID of glucose, xylose, and 
arabinose was close to 100% and the ileal retention rates of xylose and arabinose were 82.57 and 
82.41%, respectively, which may indicate that certain metabolites from xylose or arabinose were 
excreted in the urine and analyzed as energy. In Exp. 4, the hypothesis that pentoses cannot be 
absorbed from the hindgut, but instead are fermented in the large intestine, was tested. Arabinose 
or xylose was infused into the hindgut of pigs and the impact of xylose and arabinose on energy 
utilization, excretion of pentoses in urine and feces, and on concentration of fecal VFA were 
determined. No differences were observed for the ATTD of GE, DM, ash, and OM or in DE and 
ME of the diets. However, the pH in feces was reduced if arabinose was infused indicating 
increased fermentation in the hindgut. In conclusion, microbial xylanases used in this experiment 
improved the digestibility of dietary fiber in the stomach and hindgut of pigs and improved 
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energy status of pigs fed wheat-based diets, but not of pigs fed corn-based diets. Bulk density 
and SDF of the diet are better predictors of DE and ME compared with other physical or 
chemical characteristics of the diet. Correcting for endogenous losses does not increase additivity 
of digestibility values for dietary fiber in mixed diets. Dietary pentoses are mostly absorbed prior 
to the end of the small intestine of pigs and may reduce energy utilization, but they do not affect 
CP utilization in pigs. 
Key words: dietary fiber, digestibility, energy, pentoses, pigs, xylanase 
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CHAPTER 1: INTRODUCTION 
Utilization of co-products from cereal grains in diets for pigs usually results in pig diets 
with high concentrations of complex carbohydrates that are difficult to degrade because pigs lack 
the digestive enzymes to hydrolyze dietary fiber (de Vries et al., 2012). However, co-products 
are often used to reduce feed costs and provide the pig with nutrients needed for growth. Several 
technologies have been researched to improve the digestibility of fiber in co-products, including 
the use of carbohydrases, fermentation of raw materials, use of direct-fed microbials, and 
chemical treatments. However, responses of pigs to these technologies are variable (Rojas and 
Stein, 2017).  
Therefore, to facilitate utilization of dietary fiber by pigs, it is important to understand the 
structure and composition of dietary fiber in individual feed ingredients as differences in the 
structure among and within dietary fiber sources exist (Jaworski et al., 2015). Structure and 
physical characteristics of dietary fiber influences degradation of dietary fiber (Bach Knudsen, 
2001), and therefore, influence the site of degradation along the intestinal tract and the response 
to carbohydrase supplementation. Pentoses such as arabinose and xylose are the primary 
components in arabinoxylans, which are the main fiber component in cereal grains and cereal 
grain co-products (Bach Knudsen, 2011). Addition of pentoses to diets for pigs increases VFA 
production in the ileum but reduces retention and digestibility of CP (Schutte et al., 1991;1992). 
It is, therefore, important to determine the fate of pentoses and determine the impact of 
degradation of pentoses on energy and CP utilization if liberated by microbial xylanase in the 
small intestine and large intestine of pigs. Inclusion of ingredients with high dietary fiber 
sometimes results in DE and ME of mixed diets that are different than calculated values from 
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individual ingredients (Jaworski et al., 2015). Therefore, it is important to determine if there are 
associative effects among high fiber ingredients in mixed diets.  
To address some of the above questions, the present work was conducted and the main 
objectives were 1) to describe the carbohydrates that may be present in pig diets and the enzymes 
needed for their complete hydrolysis; 2) to determine the influence of microbial xylanase and 
fiber concentration on degradation of dietary fiber along the intestinal tract; 3) to evaluate if 
concentrations of dietary fiber from individual ingredients are additive in mixed diets; and 4) to 
determine the fate of pentoses in the intestinal tract of pigs.  
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CHAPTER 2: STRUCTURE OF CARBOHYDRATES INCLUDED IN FEED 
INGREDIENTS COMMONLY USED IN COMMERCIAL DIETS FOR PIGS AND 
CHARACTERIZATION OF ENZYMES NEEDED FOR HYDROLYSIS OF 
CARBOHYDRATES 
INTRODUCTION 
Carbohydrates provide the majority of energy in diets fed to pigs and are digested into 
monosaccharide units to enable absorption and utilization (Bach Knudsen, 2011). Carbohydrate 
digestion is facilitated by the action of carbohydrases throughout the gastrointestinal tract. These 
enzymes are of animal, plant, or microbial origin. Non-ruminant animals easily digest 
carbohydrates such as starch, but cannot digest carbohydrates with complex structures because 
they do not produce the digestive enzymes (de Vries et al., 2012). Microbes that are present 
along the intestinal tract that produce some of the enzymes needed for dietary fiber breakdown, 
with the majority being present in the hindgut. Exogenous enzyme preparations have also been 
extensively researched, but responses of animals to exogenous carbohydrases are inconclusive. 
Utilization of co-products as animal feeds has become more common in recent years 
because of increased availability and relatively low price (Zijlstra and Beltranena, 2013; Stein et 
al., 2015). However, the high fiber concentration of many co-products of plant sources results in 
poor utilization of energy when fed to pigs because of a lack of digestive enzymes needed to 
digest dietary fiber although some, but not all, types of fiber may be fermented by intestinal 
microbes and contribute energy to the host animal via short-chain fatty acids. Hence, knowledge 
about the structures and properties of carbohydrates is necessary to develop appropriate 
procedures to efficiently utilize these co-products as sources of nutrients and energy in diets fed 
to pigs. 
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The objective of this review is to describe the carbohydrates that may be present in pig 
diets and the enzymes needed to hydrolyze the glycosidic bonds in the carbohydrates. This 
review will only include carbohydrates that may be included in commercial diets for pigs and 
will not cover carbohydrates included in diets for other animal species. It is outside the scope of 
this review to describe details on how digestive enzymes hydrolyze glycosidic bonds and the 
conditions under which they are effective. 
 
MONOSACCHARIDES 
Carbohydrates in feed ingredients consist primarily of monosaccharides that are linked by 
glycosidic bonds to form di-, oligo-, or polysaccharides (Figure 1). Monosaccharides consist of a 
single polyhydroxyaldehyde or ketone unit (Figure 2). This group is characterized as colorless 
crystalline solids that are soluble in water, not soluble in non-polar solvents, and may contain 3 
to 8 carbons (Nelson and Cox, 2004). Monosaccharides with more than 4 carbons are 
predominantly present in a cyclic form, where the carbonyl group is covalently bound to the 
oxygen of a hydroxyl group along the chain (Nelson and Cox, 2004). The ring structure of 
pentoses and hexoses is formed when the alcohols react with aldehydes or ketones, forming 
derivatives called hemiacetals or hemiketals (Nelson and Cox, 2004). The structure of these 
monosaccharides is important in understanding the metabolism of different types of 
carbohydrates. Concentrations of free monosaccharides are usually low in cereals and cereal co-
products, but greater in legumes and protein-rich meals and expellers (Bach Knudsen, 2014). 
Of more than 20 monosaccharides in nature, 14 are may be present in feed ingredients. 
Monosaccharides commonly present in feed can be categorized based on the number of carbons 
they contain. Monosaccharides that are made up of 5 carbons are called pentoses, whereas 
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monosaccharides that have 6 carbons are called hexoses. Pentoses include arabinose, xylose, and 
apiose; hexoses include glucose, fructose, mannose, and galactose (NRC, 2012). 
Monosaccharides can exist in open structure, or in 2 types of cyclic structure, namely furanose 
and pyranose. Furanose is a 5-membered ring structure composed of 4 carbons and 1 oxygen, 
whereas pyranose is a 6-membered ring structure consisting of 5 carbons and 1 oxygen. D-
glucose, sometimes called dextrose, is the most abundant monosaccharide in nature (Nelson and 
Cox, 2004) and consequently in ingredients fed to pigs (NRC, 2012). Other monosaccharides 
such as D-fructose, D-galactose, L-arabinose, D-xylose, and D-mannose may also be present in 
pig diets in significant quantities depending on the feed ingredients in the diet (NRC, 2012). D-
xylose is the most abundant unit in polysaccharide chains of the non-cellulosic group of non-
starch polysaccharides (NSP) that are readily absorbed in the small intestine and believed to be 
fermentable by microorganisms in the gastrointestinal tract (Schutte et al., 1991). Likewise, L-
arabinose is one of the most abundant monosaccharide units released upon hydrolysis of plant 
NSP and is fermentable in the hindgut (Schutte et al., 1992). D-Apiose, 3-C-(hydroxymethyl)-
Dglycero-aldotetrose, is a branched-chain monosaccharide derived from fructose that is present 
in plants as components of rhamnogalacturonan II (Watson and Orenstein, 1975; Mølhøj et al., 
2003). D-Apiose is the unit involved in borate cross-linking of pectin (Ndeh et al., 2017). 
Other monosaccharides include deoxy sugars and uronic acids. Deoxy sugars are 
monosaccharides that contain 1 or more carbon atoms with a hydroxyl group replaced by a 
hydrogen atom, resulting in achiral position (BeMiller, 2007). Deoxy sugars include L-rhamnose 
(6-deoxy-L-mannose), L-fucose (6-deoxy-L-galactose), 2-keto-3-deoxy-D-lyxo heptulosaric acid 
(DHA) and 2-keto-3-deoxy-D-manno octulosonic acid (KDO; Sinnott, 2007; Stevenson et al., 
1988). The structure of L-rhamnose is similar to that of mannose except that the 6th carbon does 
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not have a hydroxyl group. Likewise, L-fucose has a structure that is similar to that of galactose 
except that the 6th carbon does not have a hydroxyl group (BeMiller, 2007). Both DHA and KDO 
are present in plant cell walls particularly in rhamnogalacturonan II (Stevenson et al., 1988). 
Deoxy sugar DHA contains 7 C and is structurally similar to glycose 2-keto-3-deoxy D-arabino-
heptulosonic acid-7-P, a precursor of aromatic AA in microorganisms and plants that is 
generated from phosphoenol pyruvate and D-erythrose-4-phosphate (O'Neill et al., 2004). The 
KDO is a deoxy sugar composed of 8 C generated by condensing phosphoenol pyruvate and D-
Ara-5-phosphate (O'Neill et al., 2004). The units derived from deoxy sugars and uronic acids are 
essential components of polysaccharides. 
Uronic acids are monosaccharides that contain carboxylic acid on the 6th carbon and 
include D-glucuronic acid and D-galacturonic acid (Sinnott, 2007). Glucuronic acid has a 
structure that is similar to glucose except that the 6th carbon is oxidized to a carboxylic acid. 
Galacturonic acid is the oxidized form of D-galactose and is the principal component of pectins 
(BeMiller, 2007). Another sugar that may be included in this group is aceric acid (3-C-carboxy-
5-deoxy-L-xylose), a branched-chain sugar derived from L-xylose (Jones et al., 2005).  The 
charged property of the acid group of uronic acids may influence the ionic properties of 
polysaccharides, which allows esterification to occur at different levels (Bach Knudsen, 2011). 
The presence of uronic acids in non-cellulosic NSP is the reason this group can form salts with 
metal ions such as Zn and Ca (Cummings and Stephen, 2007). The carboxyl groups of uronic 
acids also result in the gelling property of pectins (BeMiller, 2007).  
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DISACCHARIDES 
Disaccharides are carbohydrates that consist of 2 monosaccharide units covalently linked 
by glycosidic bonds (Figure 3). Maltose is a disaccharide composed of 2 glucose units joined by 
an α-(1-4) glycosidic bond between C-1 of 1 glucose and C-4 of the other glucose. The glucose 
residue with a free anomeric carbon makes maltose a reducing sugar. Maltose may be present in 
some feed ingredients in small amounts and is an intermediate in the digestion of starch (Nelson 
and Cox, 2004; NRC, 2012). Maltose is easily degraded by maltase which is expressed in the 
brush border of the small intestine in pigs (Van Beers, 1995). 
Lactose contains β-D-galactose linked to α-D-glucose by a β-(1-4) glycosidic bond. Like 
maltose, lactose is a reducing sugar because of the free anomeric carbon in its glucose residue 
(Nelson and Cox, 2004). Lactose is present only in milk and milk products such as skim milk 
powder, whey powder, whey permeate, liquid whey, or purified lactose (NRC, 2012). Lactose is 
present in varying amounts in different milk sources; goat and cow milk contain 4.5 to 4.8% 
lactose, sow milk 3.5 to 5.1% lactose, and human milk approximately 7% lactose (BeMiller, 
2007; Theil et al., 2014). Lactose is the only disaccharide that is synthesized by animals and is 
hydrolyzed by lactase (also known as β-galactosidase) which is expressed by glands located at 
the brush border of the small intestine (Dahlqvist, 1964; Van Beers et al., 1995). Lactase activity 
in pigs is high from birth until 2 weeks of age, but the activity starts to decline at 3 to 4 weeks of 
age  (Aumaitre and Corring, 1978). In bacteria, lactose is hydrolyzed by the enzyme β-
galactosidase. 
Sucrose consists of fructose linked to glucose by an α-(1-2) glycosidic bond. Unlike 
maltose and lactose, sucrose does not contain a free anomeric carbon because it is involved in the 
glycosidic bond, making sucrose a non-reducing sugar (Nelson and Cox, 2004). The glycosidic 
9 
 
linkage that binds the β-D-fructose and α-D-glucose units is relatively unstable and readily 
hydrolyzed even by a weak acid (BeMiller, 2007). Sucrose is also hydrolyzed by the enzyme 
sucrase (also known as invertase), which is expressed in the brush border of the pig small 
intestine (Van Beers et al., 1995). Sucrose is present only in plant ingredients and is observed in 
high concentrations in sugar cane and sugar beets (BeMiller, 2007). However, soybeans and 
soybean meal also contain 6 to 8% sucrose (Rojas and Stein, 2013; Baker et al., 2014). Sucrose 
is poorly utilized by very young piglets because of low production of sucrase during the early 
stage of life but is efficiently utilized as the pigs grow older. 
In addition to maltose, lactose, and sucrose, disaccharides also include cellobiose, 
gentiobiose, and trehalose (NRC, 2012). Cellobiose contains 2 glucose units joined by a β-(1-4) 
glycosidic bond and may be produced by enzymatic hydrolysis of cellulose but it may also be 
commercially prepared from sucrose and starch and marketed as a prebiotic feed additive 
(Suzuki et al., 2009). The glycosidic bond in cellobiose may be hydrolyzed by β-glucosidase. 
Pigs cannot digest cellobiose because they lack this enzyme, but β-glucosidase may be 
synthesized by specific microbes in the intestinal tract (Dahlqvist, 1964).  
Gentiobiose contains 2 glucose units linked by a β-(1-6) glycosidic bond and is usually 
present in gentian root, alpine flowers, ornamentals, and fruits (Takahashi et al., 2014), but 
typically not in diets for commercial livestock or poultry. As is the case with cellobiose, the 
glycosidic bond in gentiobiose may be hydrolyzed by β-glucosidase (Dahlqvist, 1964).  
Trehalose contains 2 glucose units linked by an α-(1-1) glycosidic bond (Becker et al., 
1996). Trehalose is present in mushrooms, honey, lobster, shrimp, certain seaweeds, insects, and 
food produced with the use of yeast in minute amount (BeMiller, 2007). Trehalose is synthesized 
in the fat body of insects, the organ similar to a combined function of liver and adipose tissue in 
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vertebrates, and is an important energy source (Becker et al., 1996). Trehalose may be present in 
diets for pigs if yeast or yeast products are used (NRC, 2012). Pigs can hydrolyze trehalose in the 
small intestine because trehalase is expressed at the brush border of the small intestine (Van 
Beers et al., 1995; NRC, 2012). In general, disaccharides are present in low quantities in cereals 
and cereal co-products, but in greater amounts in legumes and protein-rich meals and expellers 
(Bach Knudsen, 1997). 
 
OLIGOSACCHARIDES 
Oligosaccharides are present in roots, tubers, and seeds and in co-products of many 
legumes, mallow, composite, and mustard species. Oligosaccharides are present in low 
concentrations in cereal grains and cereal grain co-products, but greater concentrations have been 
analyzed in legumes and protein-rich meals and oilseed expellers (Bach Knudsen, 1997). 
Historically, oligosaccharides were defined as compounds that contain 3 to 9 monosaccharides 
joined by either α or β glycosidic bonds (Bach Knudsen and Li, 1991; Bach Knudsen et al., 
2013). However, the definition according to carbohydrate polymerization was considered 
restrictive because there are some oligosaccharides that contain more than 9 monosaccharide 
units that may also be included in this group depending on branching (Englyst and Hudson, 
1996; Quigley et al., 1999). Hence, oligosaccharides are now often defined as compounds that 
consist of monosaccharide units linked together by glycosidic bonds that are indigestible by 
enzymes secreted in the small intestine in pigs (NRC, 2012). As a consequence, oligosaccharides 
belong to the carbohydrate group called dietary fiber, which also includes NSP. Oligosaccharides 
are distinguished from NSP by the ability to be solubilized in 80% v/v ethanol (Englyst and 
Englyst, 2005; NRC, 2012). The terms non-digestible oligosaccharides, resistant 
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oligosaccharides, and resistant short-chain carbohydrates are synonyms and refer to the group of 
carbohydrates that cannot be digested by enzymes from the pancreas and small intestine, but are 
soluble in 80% ethanol (Englyst et al., 2007). Galacto-oligosaccharides, fructo-oligosaccharides, 
and mannan-oligosaccharides are the oligosaccharides that may be present in feed (Figure 4; 
NRC, 2012). 
Galacto-oligosaccharides. This group is composed of α-galactosides and transgalacto-
oligosaccharides. The α-galactosides include raffinose, stachyose, and verbascose, which are 
present in leguminous plant sources such as soybeans and soybean meal (Baker et al., 2014). 
Raffinose is a trisaccharide consisting of sucrose bound to a galactose unit by an α-(1-6) 
glycosidic bond. Raffinose is present in beans, grains, and sugar beets (Nelson and Cox, 2004; 
BeMiller, 2007; Cummings and Stephen, 2007). Stachyose consists of sucrose and 2 galactose 
units linked by α-(1-6) glycosidic bonds and is also present in soybeans and other beans. 
Verbascose consists of sucrose and 3 galactose units that are linked by α-(1-6) glycosidic bonds 
and usually is present in leguminous plants (Cummings and Stephen, 2007). Hydrolysis of α-
galactosides requires the enzyme α-galactosidase, which is not expressed by animals, and α-
galactosides are, therefore, not digested. However, microbes secrete α-galactosidase and galacto-
oligosaccharides are therefore easily fermented (Dey and Pridham, 1972; Kotiguda et al., 2007). 
However, fermentation of galacto-oligosaccharides can lead to flatulence and may cause diarrhea 
in young animals (Veldman et al., 1993; Zhang et al., 2001; Choct et al., 2010). Upon removal of 
the α-galactose units, sucrose is left, which can then be hydrolyzed by sucrase to produce glucose 
and fructose units. 
A second group of galacto-oligosaccharides is transgalacto-oligosaccharides, which are 
synthesized in commercial preparations using lactose as the substrate through a process called 
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transglycosylation (Houdijk et al., 1999; Meyer, 2004; NRC, 2012). The process involves 
conversion of lactose to β-(1-6)-linked galactose bound to a terminal glucose linked by an α-(1-
4) glycosidic bond using the enzyme β-galactosidase (Sako et al., 1999; Meyer, 2004). 
Transgalacto-oligosaccharides are thought to function as prebiotics, and may potentially improve 
gastro-intestinal health of piglets although further studies are needed to confirm these claims 
(NRC, 2012). Transgalacto-oligosaccharide may be degraded by microbial α-galactosidase and 
lactase, releasing 2 galactose and 1 glucose units. 
Fructo-Oligosaccharides. This group is also known as fructans and contains varying 
numbers of fructose units. Fructo-oligosaccharides are categorized into inulins and levans 
(BeMiller, 2007; NRC, 2012). Inulins are composed of 2 to 60 fructose units with an average of 
12 units (Nakamura et al., 1997; Roberfroid, 2007). The linear fructose backbone is composed of 
fructose units linked by β-(2-1) glycosidic bonds and terminated by a glucose linked by an α-(1-
2) glycosidic bond  (Nakamura et al., 1997; Han, 1990). Inulins are present in onions, Jerusalem 
artichokes, wheat, dahlia tuber, bananas, and chicory root (Roberfroid et al., 1998; Kim et al., 
2001; Englyst et al., 2007). Chicory may be commercially processed to produce inulin-type 
fructans, where linear fructose units are connected by a β-(2-1) linkage to sucrose at the reducing 
end (BeMiller, 2007). In some inulin-type fructans, glucose and some side chains linked by β-(2-
6) glycosidic bonds may be present (Meyer, 2004; Roberfroid, 2007; NRC, 2012). Complete 
hydrolysis of inulins requires the mammalian enzyme sucrase and microbial enzymes 
endoinulinase and exoinulinase. Sucrase plays an important role in hydrolyzing inulins 
efficiently (Wang and Li, 2013) because sucrase hydrolyzes the α-(1-2) linkage between the  
terminal glucose and fructose in the inulins (Wang and Li, 2013). Endoinulinase (also called 
fructanohydrolase) hydrolyzes the inner β-(2-1) linkages releasing products such as inulotrioses, 
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inulotetraoses, and inulopentaoses (Nakamura et al., 1997). Exoinulinase (also called 
fructohydrolase) hydrolyzes terminal fructose from the non-reducing end of inulin, releasing 
fructose monomers (Nakamura et al., 1997). 
Levans are composed of a backbone of fructose units mainly linked by β-(2-6) glycosidic 
bonds terminated by a glucose with variable glycosidic linkages depending on the organism 
producing the levan, and with approximately 12% branching of fructose units that 
are connected by β-(2-1) glycosidic bonds (Han, 1990; Jensen et al., 2016). Levans are 
commonly produced by fungi and bacteria that can synthesize levansucrase, an enzyme that 
converts sucrose to levans through a process called transglycosylation (Franck, 2006; BeMiller, 
2007). Levans can be almost completely hydrolyzed by the microbial enzymes levanase and 
exoinulinase. Levanase exclusively hydrolyzes the β-(2-6) glycosidic linkages in the levans and 
exoinulinase hydrolyzes the β-(1-2) linked side chain fructose (Jensen et al., 2016). 
Mannan-Oligosaccharides. Mannan-oligosaccharides is composed of 45% units of 
mannose and are present in large quantities in the cell walls of Saccharomyces cerevisiae and 
other species of yeast (Yildiz and Oner, 2014). Yeast cell walls contain interconnected chitin, β-
glucan, and mannan. Chitins are composed of a long chain of  N-acetylglucosamine (2-
acetamido-2-deoxy-β-d-glucose) linked by β-(1-4) glycosidic bonds (Ravi Kumar, 2000). 
Mannans are located in the outer zone of the yeast cell wall, which is attached to the β-(1-6) 
glucose chains, which is then attached to the inner β-(1-3) glucan chains (Cid et al., 1995). 
Mannan-oligosaccharides are not of plant origin but may be synthesized by microbial hydrolysis 
of mannan polysaccharides and may be present in pig diets containing distillers dried grains with 
solubles or other co-products of fermentation. Diets that are supplemented with yeast or yeast 
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cell wall products may also contain mannan-oligosaccharides. Commercially prepared mannan-
oligosaccharides may be included in nursery diets at 0.1 to 0.4% (Miguel et al., 2004).  
 
POLYSACCHARIDES 
Polysaccharides are carbohydrates composed of polymers of monosaccharides mostly 
ranging from less than 100 to 15,000  units (BeMiller, 2007). Polysaccharides comprise more 
than 90% of total carbohydrates in nature (BeMiller, 2007). Polysaccharides are categorized into 
starch/glycogen and NSP, and both of these groups are usually included in pig diets in relatively 
large quantities (NRC, 2012). 
Starch. Starch is the main storage form of carbohydrates in cereal grains, and therefore, 
is the most abundant carbohydrate in diets fed to pigs (NRC, 2012). Starch is commonly present 
in high amounts in cereal grains, relatively low in most cereal grain co-products, intermediate to 
low in legumes, and low in protein-rich meals and expellers (Bach Knudsen, 1997). Starch is 
exclusively composed of glucose units and the only carbohydrate that is stored in granules (Ellis 
et al., 1998). Starch is stored as amylose and amylopectin (BeMiller, 2007) and most cereal 
grains consist of approximately 25% amylose and 75% amylopectin, making starch semi-
crystalline in structure (Figure 5; Bach Knudsen, 1997; Wang et al., 2017). Amylose is 
composed of approximately 6,000 glucose units that are linearly connected by α-(1-4) glycosidic 
bonds (Sajilata et al., 2006; Cummings and Stephen, 2007). Amylopectin consists of 90,000 to 2 
million glucose units linked by α-(1-4) glycosidic bond in the linear parts and α-(1-6) glycosidic 
linkages at the branch points making amylopectin a branched form of starch, with branches 
occurring around every 30 units (Sajilata et al., 2006; BeMiller, 2007; Cummings and Stephen, 
2007). 
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Digestion of starch into monosaccharides requires the enzymes α-amylase, β-amylase, γ-
amylase, isoamylase, and pullulanase (Van Beers et al., 1995). The α-amylase, present in plants 
or produced by the animal salivary gland and pancreas, hydrolyzes the inner  α-(1-4) glycosidic 
bonds, releasing linear and branched oligosaccharides such as maltose, maltotriose, and α-limit 
dextrins (Tester et al., 2004; Bach Knudsen, 2011). The β-amylase (also known as 
maltohydrolase) produced by microbes and plants hydrolyzes the second to the terminal α-(1-4) 
glycosidic bond from the non-reducing end releasing 2 glucose units at a time such as maltose 
and α-limit dextrins. The γ-amylase (also known as amyloglucosidase or α-glucosidase) 
hydrolyzes both the terminal α-(1-4) linkage from the non-reducing end of amylose and 
amylopectin and the α-(1-6) linkage in amylopectin, releasing free glucose units. The isoamylase 
hydrolyzes the α-(1-6) glycosidic bonds in amylopectin, releasing linear glucose units linked by 
α-(1-4) glycosidic bond.  The pullulanase produced by microbes hydrolyzes the α-(1-6) 
glycosidic bond in pullulan, a polysaccharide produced from starch hydrolysis that contains 
maltotriose of glucose linked by α-(1-4) glycosidic bond and the maltotriose units are linked by 
α-(1-6) glycosidic bond, releasing a glucose unit and maltotriose (Catley and Whelan, 1971; 
Tester et al., 2004).  
Resistant starch (RS) is a part of starch that is not digested in the small intestine, but 
fermented in the hindgut (Brown, 2004; Sajilata et al., 2006). The RS was recognized as part of 
dietary fiber in 2001 (AACC, 2001; Giuberti et al., 2014). The amount of RS in feed ingredients 
varies depending on factors such as starch source, feed processing techniques, and the storage 
conditions of the starch before consumption (Livesey, 1990; Brown, 2004; Goldring, 2004). The 
total RS in yellow dent corn, dehulled barley, dehulled oats, polished white rice, rye, sorghum, 
and wheat was 10.0, 10.9, 6.4, 6.2, 1.7, 1.4, 18.5, and 1.1% of the total starch, respectively 
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(Cervantes-Pahm et al., 2014). Resistant starch is categorized as RS-1, RS-2, RS-3, RS-4, and 
RS-5. Resistant starch 1 is a starch that is surrounded by indigestible plant portions such as cell 
wall and nondigested denatured protein, making it difficult for the digestive enzymes to act on 
the starches (BeMiller, 2007; Fuentes-Zaragoza et al., 2010). This class of RS is heat stable and 
is present in whole or partly milled grains and seeds, legumes, and pasta (Nugent, 2005; Sajilta et 
al., 2006). The amount of RS-1 in feed is determined by calculating the difference in the amount 
of glucose released by enzymatic digestion of homogenized and non-homogenized samples 
(Sajilata et al., 2006). Resistant starch 2 is uncooked granular starch or native starch that is not 
susceptible to digestive enzymes because of the structure of the granule (Brown, 2004). The RS-
2 may be present in raw potatoes, green bananas, some legumes, and high amylose corn starches 
(Brown, 2004; Nugent, 2005). The amount of RS-2 is calculated by determining the difference in 
the glucose released by enzyme digestion between feed samples that are boiled and homogenized 
and samples that are unboiled and non-homogenized (Sajilata et al., 2006). Except for high-
amylose corn starch, the digestibility of RS-2 may be improved by processing such as cooking, 
thereby making the starch accessible for digestive enzymes (Nugent, 2005). Resistant starch 3 or 
retrograded starch is starch that has been cooked and gelatinized, and then cooled to allow 
crystalline formation that resists digestion particularly by α-amylase (Brown, 2004; Svihus et al., 
2005; Htoon et al., 2009). This RS may be present in cooked and cooled potatoes, bread, corn 
flakes, cooked and recrystallized tapioca or corn starch, food products with prolonged and/or 
repeated treatment of moist heat, and can be commercially produced from high amylose corn  
(Yue and Waring, 1998; Crosby, 2003; Nugent, 2005). This comprises the majority of the RS 
fraction in most feed ingredients and is resistant to dispersion by boiling and enzymatic digestion 
(Sajilata et al., 2006). Resistant starch 4 refers to starch that has undergone glycosidic bond 
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modification due to chemical reactions making the starch resistant to digestive enzymes (Brown, 
2004; Sajilata et al., 2006). Another type of RS (RS 5) has been recently described and may be 
generated by processing of amylose and fatty acids, which results in formation of an amylose-
lipid complex, making the amylose resistant to enzymatic digestion (Morrison et al., 1993; 
Hasjim et al., 2013; Giurberti et al., 2015).  
In vitro data indicate that RS-1 and RS-2 are the main RS sub-type in unprocessed cereal 
grains and legumes, whereas RS-3 is the main RS sub-type in heat processed (extruded or steam-
flaked) ingredients. On a DM basis, unprocessed corn, wheat, triticale, rice, hulless barley, and 
sorghum may contain 19.1, 5.3, 13.9, 14.2, 14.3, and 27.5% RS-1 and RS-2 combined, 
respectively, and RS-2 comprises 63.7% in raw potato starch (Martinez-Puig et al., 2003; 
Giuberti et al., 2012; Giurberti et al., 2015). Steam-flaked barley, corn, rice, and wheat may 
contain 3.2, 11.3, 8.9, and 7.0% DM, respectively, and extruded (at 145°C) barley and peas 
contain 1.3 and 2.2% (Martinez-Puig et al., 2003; Giuberti et al., 2012; Giurberti et al., 2015). 
Glycogen. Glycogen is the storage form of glucose in the muscles and liver of animals. 
Glycogen is composed of branched glucose units linked by α-(1-4) and α-(1-6) glycosidic bonds. 
The structure and digestion of glycogen are similar to that of amylopectin. Glycogen has a highly 
branched structure, with branches occurring every 10 monosaccharide units. The enzymes 
needed to hydrolyze glycogen are the same as those needed to hydrolyze amylopectin. Glycogen 
is usually stored in small amounts in the body and, therefore, little or no glycogen is present in 
commercial pig diets (NRC, 2012).  
Non-Starch Polysaccharides. The non-starch polysaccharides are resistant to animal 
digestive enzymes, but may be partially or fully fermented by microbes in the gastrointestinal 
tract (Bach Knudsen, 2001; de Vries et al., 2012). The NSP are present in high quantities in 
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cereal grain co-products, intermediate to high amounts in both legumes and protein-rich meals 
and oilseed expellers, and low to intermediate amounts in cereal grains (Bach Knudsen, 1997). 
Non-starch polysaccharides are present both in the cell wall and in the non-cell wall part of the 
plants. Carbohydrates in the cell wall primarily consist of pentoses (arabinose and xylose), 
hexoses (glucose, galactose, and mannose), 6-deoxyhexoses (rhamnose and fucose), and uronic 
acids (glucuronic and galacturonic acids or their 4-O-methyl ethers; Bach Knudsen, 2011). This 
group includes cellulose, arabinoxylans, xyloglucans, arabinogalactans, galactans, and mixed-
linked β-glucans (Bach Knudsen, 2011). Cereal grains and oilseeds contain different cell wall 
polysaccharides. The NSP in cereal grains and cereal grain co-products are mainly cellulose, 
arabinoxylan, and β-glucans, which vary among cereal grains in terms of structure, proportions, 
and crosslinkages to other compounds (Theander et al., 1989; Bach Knudsen, 1997; 2011). 
Legumes and oilseeds primarily contain pectins, cellulose, and xyloglucans (Selvendran et al., 
1987; de Vries et al., 2012). Non-starch polysaccharides are sometimes separated into cellulosic 
and non-cellulosic polysaccharides (NCP), and NCP is further divided between soluble-NCP and 
insoluble-NCP (Jaworski et al., 2015). Non-cellulosic NSP are also known as hemicelluloses. 
Cellulose. Cellulose is a polysaccharide composed of 7,000 to 15,000 glucose units that 
are linked by β-(1-4) glycosidic bonds arranged in a linear form (Figure 6). The linear 
arrangement of the sugar units allow them to pack tightly, thereby providing structural integrity 
to cells and tissues of plants (BeMiller, 2007; Cummings and Stephen, 2007; Englyst et al., 
2007). Because of its linear structure, the non-covalent bonds in the cellulose is stronger, thus, 
making the cellulose insoluble in water, alkali, or dilute acids (Choct et al., 2010, Bach Knudsen, 
2011). The hydrogen bonds formed between glucose because of hydroxyl groups make the 
cellulose structure even more rigid.The glycosidic bonds in cellulose are not susceptible to 
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enzymatic digestion in the small intestine, but may undergo microbial fermentation in the small 
or large intestine (NRC, 2012). Cellulose is composed of amorphous and crystalline components 
in varying proportions depending on the origin. The structure of amorphous cellulose is less rigid 
than that of crystalline cellulose, and thus, may be penetrated by microbial enzymes. In contrast, 
crystalline cellulose has a more rigid structure due to strong hydrogen bonds, and thus, cannot be 
penetrated by enzymes (Ciolacu et al., 2011). As a consequence, amorphous cellulose is more 
fermentable than crystalline cellulose. Approximately 25 to 30% of plant cellulose is present in 
the fruit coat or pericarp, 25 to 30% in the seed coat or testa, 7 to 12% in the aleurone layer, and 
approximately 0.2% in the starchy endosperm (Bach Knudsen, 2011). Except in seeds, cellulose 
is the main component of most plant cell walls (McDougall et al., 1993). 
The complete hydrolysis of cellulose requires the microbial enzymes endoglucanases, 
exoglucanases, cellodextrinases, and β-glucosidases. Endoglucanases (1,4-β-D-glucan-4-
glucanohydrolase) randomly hydrolyze glycosidic bonds from the internal part of the amorphous 
region (Duan and Feng, 2010), thereby generating reducing or non-reducing ends that may be 
hydrolyzed by exoglucanases. Exoglucanases (also called cellobiohydrolases) cleave either on 
the reducing or non-reducing ends of the cellulose chain to release cellobiose or glucose, 
depending on the primary sequence (Mansfield et al., 1999; Zhang and Zhang, 2013). 
Exoglucanase can also hydrolyze cellobiose or glucose from the microcrystalline structure of 
cellulose (Teeri, 1997; Zhang and Zhang, 2013). Exoglucanases that cleave from the non-
reducing end have an inverting mechanism and belong to the glycosyl hydrolase 6 family (Duan 
and Feng, 2010; Zhang and Zhang 2013). In contrast, exoglucanases that hydrolyze from the 
reducing end and retain their original configuration are from the glycosyl hydrolase 7 family 
(Zhang and Zhang, 2013). Cellodextrinases degrade released oligosaccharides into cellobiose 
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and glucose (Dodd et al, 2010; Duan and Feng, 2010). The β-glucosidases, also called 
cellobiases, act on the released cellobiose to generate free glucose (Zorec, 2014).  
Non-Cellulosic Non-Starch Polysaccharides. This group, also known as hemicellulose, 
is a group of polysaccharides that contain different pentoses and hexoses arranged in a branched 
form and comprises 15 to 30% of the plant cell wall (Cummings and Stephen, 2007; Abdel-
Hamid et al., 2013). Non-cellulosic NSP are mainly composed of neutral monosaccharides, but 
they may also contain some uronic acids such as glucuronic and galacturonic acid (McDougall et 
al., 1993; Southgate and Spiller, 2001). Xylans, the most abundant non-cellulosic NSP in annual 
plants, is composed of a linear or branched D-xylose backbone linked by β-(1-4) glycosidic 
bonds, and linear or branched side chains that often contain arabinose, mannose, galactose, or 
glucose (BeMiller, 2007; Cummings and Stephen, 2007).  Xylans may be further classified into 
homoxylans, glucoxylans, arabinoxylans, and glucuroarabinoxylans (Gamauf et al., 2007; Dodd 
and Cann, 2009). In this review, xylans that are commonly present in feed ingredients will be 
referred to as arabinoxylans. Non-cellulosic NSP are abundant in the bran of cereal grains 
(BeMiller, 2007). 
Arabinoxylans. Arabinoxylans in cereal grains have a backbone that is composed of 
xylose units linked by β-(1-4) glycosidic bonds and the backbone is highly substituted with 
arabinose linked by α-(1-2) or α-(1-3) glycosidic bonds (de Vries, 2003; Figure 7). The side 
chains may in addition to arabinose also contain xylose and galactose and some of the arabinose 
units are connected to phenolic acids such as ferulic and p-coumaric residues that may be 
esterified to lignin. Wheat arabinoxylans are branched, preventing the molecules from packing 
tightly, thus making them water soluble (Oakenfull, 2001). Arabinoxylans in the aleurone layer 
are non-lignified, whereas arabinoxylans in the seed coat are much more lignified due to the 
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presence of phenolic acids on the side chains (Bach Knudsen, 1997). The degree of lignification 
of arabinoxylans is closely correlated with fermentability because lignification is the major 
barrier to fermentation. Arabinoxylans are present in cereal grains (4 to 10%), and from as low as 
0.15% in rice endosperm to as high as 30% in wheat bran, and distributed in various amounts in 
the grain tissues (Bach Knudsen, 1997; Ebringerová, 2006). Arabinoxylans may be categorized 
based on their solubility in water, which is influenced by the content and distribution of the L-
arabinofuranosyl branches (Ebringerová, 2006). Water insoluble arabinoxylans, which have an 
arabinose to xylose ratio of 1:3 to 1:5, are structurally connected to other cell wall components 
such as protein, lignin, and phenolic acids, and therefore, are difficult to isolate and they have 
strong water holding capacity (Ebringerová, 2006). Water soluble arabinoxylans have an 
arabinose to xylose ratio of 1:1 to 1:2 and do not interact with other cell wall components. They 
are highly viscous and have gel forming potential. Arabinoxylans in wheat are 67 to 75% water 
insoluble and 25 to 33% water soluble (Bach Knudsen, 1997; Ebringerova and Heinze, 2000; 
2006). The ferulic acid in the soluble component of wheat bran ranges from 19.9 to 32.3 mg/g 
(Ebringerová, 2006). Arabinoxylans in corn have low solubility because they are highly linked to 
phenolic acids, which allows for increased lignification. Arabinoxylans in barley also have low 
solubility because of the complex structure of arabinoxylans in barley (Bach Knudsen, 1997; 
2011). 
Arabinoxylans require several enzymes for complete hydrolysis, including β-(1-4) 
endoxylanases, β-xylosidases, β-galactosidases, α-arabinofuranosidases, arabinoxylan α-
arabinofuranohydrolases, α-glucuronidases, acetyl xylan esterases, and ferulic or coumaric acid 
esterases. The xylan backbone is hydrolyzed by β-(1-4) endoxylanases via hydrolysis of the β-(1-
4) glycosidic bonds between xylose units in the backbone (Dodd and Cann, 2009), releasing 
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shorter chains of xylose residues that may be hydrolyzed by β-xylosidases to produce 1, 2, or 3 
monosaccharide residues. The β-xylosidases have the greatest affinity for short xylose chains 
that are not substituted (Gamauf et al., 2007). The side chains in arabinoxylans are hydrolyzed by 
α-glucuronosidases which cleave the α-(1-2) bond between glucuronic acid and xylose, and β-
galactosidases that cleave the glycosidic bond between galactose and xylose residues. The α –
arabinofuranosidases are needed to hydrolyze the α-(1,5) glycosidic bond between 2 L-arabinose 
units in the side chain, whereas α –arabinofuranohydrolases hydrolyze the α-(1-2) glycosidic 
bond between xylose backbone and arabinose side chain units. Acetyl xylan esterases hydrolyze 
the glycosidic bond between O-acetyl and xylose, whereas feruloyl esterases hydrolyze the bond 
between ferulic acid and L-arabinose and coumaroyl esterases hydrolyze the bond between 
coumaric acid and L-arabinose (de Vries, 2003; Gamauf et al., 2007). The esterases are 
important to delignify the arabinoxylans making them more susceptible to microbial 
fermentation. 
Mixed-Linked β-glucans. Mixed-linked β-glucans are present only in the order Poales, 
which includes cereal grains and grasses. They are also known as cereal β-glucans and are 
present in the sub-aleurone layer and in the endosperm (Ebringerová, 2006). Mixed-linked β-
glucans have a backbone of glucose units linked by β-(1-3) and β-(1-4) glycosidic linkages 
(Carpita, 1996; Figure 8). Mixed-linked β-glucans form an irregular and loosely packed structure 
making them soluble in water. Mixed-linked β-glucans is present at 0 to 4% in cereal grains 
(Oakenfull, 2001). Grains having high concentrations of mixed-linked β-glucans are barley and 
oats (Henry, 1987; Westerlund et al., 1993), but oats have greater concentration of mixed-linked 
β-glucans in the sub-aleurone layer than barley (Henry, 1987). Oats aleurone layer contains 
approximately 15% mixed-linked β-glucans and the endosperm contains 4 to 6% mixed-linked 
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β-glucans. Barley contains almost the same amount of mixed-linked β-glucans in the aleurone 
layer as in the endosperm layer (Henry, 1987). Approximately 67% of mixed-linked β-glucans in 
barley is water insoluble (Bach Knudsen, 1997; 2014). Complete hydrolysis of mixed linked β-
glucan requires the microbial enzymes endo-β-(1-3) glucanase and endo-β-(1-4) glucanase. 
Xyloglucans. Xyloglucans are composed of a backbone of 300 to 3,000 glucose units 
linked by β-(1-4) glycosidic bonds, and highly branched side chains of xylose and β-galactose 
units (Fry, 1989; Figure 9). The backbone of xyloglucans is composed of 3 substituted glucose 
residues followed by 1 unsubstituted glucose unit. The xylose units can be further substituted 
with β-galactose, α-galactose, arabinose, or fucose residues, which can be linked to O-acetyl 
(Fry, 1989; O’Neill and York, 2003). Xyloglucans may also be linked to microfibrils of 
cellulose, and are the major non-cellulosic polysaccharide in dicotyledons (Caffall and Mohnen, 
2009; Bach Knudsen, 2014; Park and Cosgrove, 2015). Xyloglucans are the main 
polysaccharides that cross-link, coat, and form hydrogen bonds with the microfibrils of cellulose 
in most terrestrial plants (Hayashi, 1989; Zhou et al., 2007). Xyloglucans are mainly present in 
the primary cell wall of plants, with few xyloglucans present in the plant secondary cell wall 
(Fry, 1989). The structure of xyloglucans varies between dicotyledons and monocotyledons. 
Dicotyledons contain terminal fucose, more xylose, and much more galactose compared with 
monocotyledons (Hayashi, 1989). Xyloglucans in dicotyledon plants comprises approximately 
20% of the primary cell wall dry matter, but may also be as low as 2% (Park and Cosgrove, 
2015). Xyloglucans are present in rice bran, but not common in other cereal grains (Shibuya and 
Iwasaki, 1978; Choct, 2015).  
Some enzymes that hydrolyze glycosidic bonds in cellulose may also act on xyloglucans, 
but endoglucanase enzymes specific for xyloglucan have also been identified (Pauly et al., 1999; 
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Hasper et al., 2002; de Vries, 2003). Xyloglucan-specific exo-β-1,4 glucanases and xyloglucan-
specific endo-β-1,4 glucanases act on the terminal glycosidic bonds at one of the terminal ends 
and inside the backbone, respectively. The enzymes needed for hydrolysis of the side chains 
include xyloglucan-specific xylosidase that cleaves the α-(1-6) bond between the xylose residue 
and the glucose backbone; α -L-galactosidases and β-D-galactosidases that cleave the α-(1-2) and 
β-(1-2) bonds that attach galactose to the side chain; α-L-fucosidases that cleave the α-(1-2) bond 
to remove fucose; α-L-arabinofuranosidases that hydrolyze the α-(1-2) bond between arabinose 
and xylose; and xyloglucan acetylesterases that hydrolyzes the bond between acetyl and xylose 
(de Vries, 2003; O’Neill and York 2003; Gamauf et al., 2007). 
Mannans. Mannans are polysaccharides primarily composed of D-mannose units, with a 
structure varying depending on the origin (Figure 10). Mannans are part of the structure of either 
plant or yeast cell walls. Mannans from plants are polysaccharides of D-mannose units linked 
together by β-(1-4) glycosidic bonds (Yildiz and Oner, 2014), whereas mannans from yeast cell 
walls have a backbone of mannose units linked by α-(1-6) glycosidic bonds substituted by 
mannan units linked by α-(1-2) and α-(1-3) glycosidic bonds. Mannans from the yeast cell walls 
are the source of mannan oligosaccharides that are used as prebiotics in animals. Mannans 
present in the secondary cell wall function as part of the structure or storage, and in some cases, 
abundant in the cell wall of epidermis of plants (Knox, 2008). Mannans are present in palm 
kernel meal, copra meal, soybean hulls, dehulled soybeans, rice bran, and corn distillers dried 
grains with solubles at approximately 30 to 35, 25 to 30, 8, 1.26, 0.32, and 0.27% (Dierick, 1989; 
Hsiao et al., 2006). Mannans are grouped into galactomannans, glucomannans, and 
galactoglucomannans, with galactomannans being present in feed ingredients for pigs. 
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Galactomannans are polysaccharides that contain both mannose units (main chain) linked 
by β-(1-4) glycosidic bonds and galactose units (side group) in varying proportions linked by α-
(1-6) glycosidic bond (de Vries and Visser, 2001; Southgate and Spiller, 2001; BeMiller, 2007). 
The mannose to galactose ratio can vary from 1.0 to 5.3, depending on the source (de Vries and 
Visser, 2001). Galactomannans are present in all endospermic leguminous seeds (1 to 38% of 
seed dry weight; de Vries and Visser, 2001), coconut, coffee, and several palm species (Nishinari 
et al., 2007; Bach Knudsen, 2011). Complete hydrolysis of galactomannans requires microbial β-
(1-4)-mannanase, β-(1-4)-mannosidase, and α-(1-6)-galactosidase (Reid, 1985; Reid and 
Edwards, 1995; Kim et al., 2003). An example is guar gum that consists of a linear backbone of 
mannose units linked by β-(1-4) glycosidic bonds and side chains containing 1 galactose unit 
linked by α-(1-6) glycosidic bond, with mannose to galactose ratio of approximately 2:1 
(BeMiller, 2007). The mannose backbone can be hydrolyzed by microbial β-mannanase, and the 
side chains can be hydrolyzed by α-galactosidase (Bågenholm et al., 2016). 
Pectins. Pectins are polysaccharides composed of up to 14 different monosaccharides, 
and probably has the most complex structure among biomolecules (Vincken et al., 2003; Wu and 
Mort, 2014). Pectins, also called pectic polysaccharides, are composed of a backbone of 
galacturonic acid units linked by α-(1-4) glycosidic bonds and may contain side chains of 
arabinose, galactose, and rhamnose (BeMiller, 2007; Cummings and Stephen, 2007). The 
charged groups (COO- or SO3
-) containing uronic acid residues create electrostatic repulsion, 
preventing the molecules from packing closely, thus making pectins water soluble (Oakenfull, 
2001). Pectins are abundant in primary cell walls and in the middle lamellae and include 
galacturonans and rhamnogalacturonan I. Galacturonans include homogalacturonan, substituted 
galacturonan and rhamnogalacturonan II (Caffall and Mohnen, 2009). Homogalacturonans are 
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composed of a D-galacturonic acid backbone linked by α-(1-4) glycosidic bonds and may be 
methyl-esterified at the C-6 carboxyl group or acetylated at the O-2 or -3 positions (Figure 11). 
The degree and pattern of esterification and methylation depends on the origin. The 
unmethylated C-6 of galacturonic acid in homogalacturonans are negatively charged, which may 
ionically interact with Ca forming a stable gel with other pectic molecules if more than 10 
consecutive methyl-esterified galacturonic acid units are coordinated (Vincken et al., 2003; 
Caffall and Mohnen, 2009). Homogalacturonans comprise more than 60% of pectin in the cell 
walls of plants and are covalently linked to rhamnogalacturonan I and II (Ridley et al., 2001). 
Homogalacturonans that are highly esterified with methyl are called pectin, whereas 
homogalacturonans with no or low esterification with methyl are called pectic acid (O' Neill and 
York, 2003). 
The inner chain of homogalacturonan is hydrolyzed by microbial pectin lyases, pectate 
lyases, and endopolygalacturonases, whereas exopolygalacturonases target the glycosidic bond 
of the terminal D-galacturonic acid residues and serve as initiator for other pectin enzymes. The 
pectin lyases hydrolyze the α-(1-4) linkage between the D-galacturonic acid residues with high 
esterification of methyl, whereas pectate lyases hydrolyze the α-(1-4) linkage between the D-
galacturonic acid residues with none to low esterification of methyl and require Ca for the 
reaction to take place (Gamauf et al., 2007). Microbial pectin methyl esterases hydrolyze the 
bond between the D-galacturonic acid and O-methyl, and pectin acetyl esterases hydrolyze the 
bond between D-galacturonic acid and O-acetyl (Gamauf et al., 2007). Removal of the methyl 
ester by pectin methyl esterase makes the homogalacturonan susceptible to polygalacturonases 
(Gamauf et al., 2007). 
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Another group of galacturonan is substituted galacturonan that includes xylogalacturonan 
and Rhamnogalacturonan II. Xylogalacturonan is composed of a backbone of homogalacturonan 
with side chains at the C-3 position, either by a single D-xylose unit or sometimes by a 
disaccharide D-xylose (1 D-xylose unit linked to O-2 of another D-xylose (Figure 12; Vincken et 
al., 2003; Caffall and Mohnen, 2009; Bach Knudsen, 2014). The xylogalacturonan backbone can 
be hydrolyzed by microbial exopolygalacturonase that hydrolyze terminal bonds whether the 
galacturonic acid is substituted with xylose or not, and by endoxylogalacturonases that cleave the 
glycosidic bond in the inner part of the backbone. Xylosidases hydrolyze the β-(1-2) glycosidic 
bond between 2 xylose units of the side chain (de Vries, 2003). 
Rhamnogalacturonan II (Figure 13), which is present in the primary cell wall of 
monocots, dicots, and gymnosperms, is composed of a backbone of 7 to 9 galacturonic acid 
residues, 6 well-defined side chains, and 13 monosaccharides linked by 21 different glycosidic 
bonds (Whitcombe et al., 1995; Pellerin et al., 1996; Pérez et al., 2003; Pabst et al., 2013; Ndeh 
et al., 2017). The structure of rhamnogalacturonan II is very complex yet highly conserved 
among plants (Ishii and Matsunaga, 1996; Matsunaga et al., 2004; Caffall and Mohnen, 2009). 
The homogalacturonan backbone is substituted with aldehydro-sugar and keto-sugar 
oligosaccharides at C-2 or C-3 (Bach Knudsen, 2014). The homogalacturonan backbone is 
substituted by relatively simple side chains C, D, E and F, and by more complex side chains A 
and B. Side chain C is composed of a disaccharide unit, wherein the galacturonic acid residue of 
the backbone is linked by α-(2-3) to 2-keto-3-deoxy-D-manno octulosonic acid, which is then 
linked by α-(1-5) to α-rhamnose. Side chain D is also a disaccharide, where a galacturonic acid 
residue is linked by β-(2-3) into 2-keto-3-deoxy-D-lyxo heptulosaric acid, which is then linked to 
β-arabinose by β-(1-5). Side chain E is composed of a single monosaccharide unit of α-
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arabinose. The recently discovered side chain F is composed of a single unit of α-arabinose 
linked to the O-3 of the backbone galacturonic acid that is also linked to the chain A at O-2 
position (Ndeh et al., 2017). For side chain A, a galacturonic acid residue is linked to apiose by 
β-(1-2), which is then linked to rhamnose by β-(1-3). Apiose, a branched-chain pentose, is then 
linked to α-galacturonic acid and β-galacturonic acid via α-(1-3) and β-(1-2) bonds, respectively, 
and to fucose (or α-galactose) by an α-(1-4) bond. Fucose is subsequently linked to 2-O-methyl 
α-xylose by α-(1-3) bond, and to glucuronic acid by a β-(1-4) bond. Glucuronic acid is then 
linked to L-galactose by an α-(1-2) glycosidic bond. For side chain B, the galacturonic acid 
residue is linked to apiose by a β-(1-2) bond, which is then bound to rhamnose by a β-(1-3) bond. 
Rhamnose is then linked to aceric acid by an α-(1-3) bond. Aceric acid is then linked to D-
galactose by a β-(1-2) bond and can be acetylated at the O-position. D-galactose is then bound to 
arabinose by α-(1-4) and to 2-O-methyl fucose by α-(1-2). The arabinose is further linked to 
rhamnose by α-(2-1) glycosidic bonds, and the rhamnose unit is linked to another arabinose by β-
(2-1). The arabinose is also bound to another rhamnose by α-(3-1) glycosidic linkage (Ndeh et 
al., 2017). The 2-O-methyl fucose may be acetylated (Vincken et al., 2003; Pabst et al., 2013). 
The detailed structure and degradation of Rhamnogalacturonan II was recently reported (Ndeh et 
al., 2017). The proposed degradation of Rhamnogalacturonan II starts with hydrolysis of the 
backbone initiated by microbial polysaccharide lyase followed by hydrolysis of the side chains 
facilitated by microbial enzymes rhamnosidases, glucuronidases, arabinofuranosidases, 
galacturonosidases, arabinopyranosidases, aceric acid hydrolases, endo-apiosidases, DHA-
hydrolase, and pectin methyl-esterases (Ndeh et al., 2017). These hydrolyzing enzymes cleave all 
glycosidic bond except the α-(1-3) glycosidic bond between 2-O-methyl-D-xylose and fucose 
(Ndeh et al., 2017). 
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Rhamnogalacturonan I has a backbone of alternating units of L-rhamnose linked by α-(1-
2) and D-galacturonic acid units linked by α-(1-4). Side chains are attached either to the 
rhamnose or galacturonic acid residue (Figure 14).  Side chains attached to the rhamnose residue 
substitutes at O-4 with arabinan, galactan, and arabinogalactan (Caffall and Mohnen, 2009; Bach 
Knudsen, 2014). Acetyl groups can attach to the O-2 and O-3 position of the galacturonic acid 
residue (McNeil et al., 1980; Lau et al., 1987; Vincken et al., 2003 “hairy”). Several enzymes are 
necessary for the hydrolysis of rhamnogalacturonan I. For the backbone, rhamnogalacturonan 
hydrolases cleave the α-(1-2) glycosidic bonds between α-D-galacturonic acid and α-L-rhamnose 
via β-elimination. For the side chains, the rhamnogalacturonan acetyl esterases cleave the bond 
between β-D-galacturonic acid and O-acetyl. The β-(1-6) endogalactanases hydrolyze the bonds 
between β-D-galacturonic acid residues in the side chain whereas exogalactanases hydrolyze the 
bond between the terminal β-D-galacturonic acid and the adjacent residue. The α-L-arabinose 
and β-galactose terminal residues are cleaved by L-arabinofuranosidases and β-galactosidases, 
respectively (Gamauf et al., 2007; Zorec, 2014). Polysaccharides that are commonly linked with 
RG-I include arabinogalactan I, arabinogalactan II, and arabinans. 
Arabinogalactan I is composed of a backbone of D-galactose linked by β-(1-4) and may 
contain side chain arabinoxyl attached to the O-3 position of galactose residues (Figure 15; 
Vincken et al., 2003). Arabinogalactan I is present in different tissues of higher plants, but not in 
grasses and cereals (Clarke et al., 1979; Stephen, 1983; van de Vis, 1994), and subdivided into 
linear homogalactans, branched homogalactans, galactans substituted with arabinose, and 
galactans substituted with uronic acid (van de Vis, 1994). Microbial endogalactanases degrade 
the β-(1-4) glycosidic linkages within the galactose backbone. The microbial enzymes β-
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galactosidases and exogalactanases act on the glycosidic bond located at the terminal ends of the 
backbone (van de Vis, 1994).  
Arabinogalactan II contains a backbone of D-galactose units linked by β-(1-3) and side 
chains D-galactose linked by β-(1-6), 1 unit of arabinose, or glucuronic acid and rhamnose 
(Figure 16). The enzymes that can degrade both arabinogalactan I and arabinogalactan II include 
microbial endogalactanase that degrade the glycosidic bonds in the galactose backbone, L-
arabinofuranosidases that cleave the β-(1,3) bond between arabinose and galactose, 
exogalactanases and β-galactosidases that hydrolyze the glycosidic bond at the terminal end of 
the galactose chain. Arabinogalactan II is associated with proteins and mostly extracted with 
pectins (Vincken et al., 2003) 
Arabinans contain a backbone of L-arabinose units linked by α-(1-5) bonds with branches 
of arabinose units linked by α-(1-2) or α-(1-3) bonds, or both, and some ferulic acids linked to O-
2 of arabinose residues (Figure 17; de Vries and Visser, 2001; Vincken et al., 2003; Caffall and 
Mohnen, 2009; Bach Knudsen, 2014). Enzymes needed for degradation of arabinans include 
microbial L-arabinofuranosidases that can hydrolyze terminal α-(1,2), α-(1,3), and α-(1,5) 
glycosidic bonds between arabinose residues; endoarabinases cleave specifically α-(1,5) 
glycosidic bonds of the arabinose chain and can improve the action of L-arabinofuranosidases; 
exoarabinases that hydrolyze arabinobiose or arabinotriose to release arabinose; and feruloyl 
esterases that cleave the bond between arabinose and ferulic acid (de Vries and Visser, 2001; 
Vincken et al., 2003). 
Lignin. Lignin is a non-carbohydrate compound in plant cell walls that is included in the 
fraction analyzed as dietary fiber (Lunn and Buttris, 2007). Lignin is present in low amounts in 
legumes, low to intermediate amounts in cereals, but high in cereal co-products and most oilseed 
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meals and expellers (Bach Knudsen, 1997). Lignin is composed of phenyl propane polymers of 
coumaryl, guaiacyl, coniferyl, or  sinapyl alcohols (Kritchevsky, 1988; Southgate and Spiller, 
2001). Lignification, a process wherein lignin forms a 3-dimensional structure within the 
polysaccharide matrix, occurs in the xylem and anular bands of the cell wall during the early 
stage of plant development, and throughout the entire xylem wall and supporting tissues as the 
plant matures. This process results in volume expansion of plant cell walls (Southgate, 2001). 
Lignin is not hydrolyzed by digestive enzymes or by microbial enzymes, which is the reason that 
plants with high amounts of lignin are poorly fermented (Southgate, 2001; Wenk, 2001). Lignin 
may be linked to the phenolic acids (ferulic, diferulic, and coumaric acids) of arabinoxylan and 
pectic polysaccharides as the plant matures through the process called lignification. Lignin 
cannot be degraded by microbial enzymes. Therefore, fermentability of arabinoxylan and pectic 
polysaccharides decreases with increasing lignification. 
In conclusion, utilization of carbohydrates as a source of energy in pig diets is highly 
influenced by the monosaccharide composition, type of glycosidic linkages that connect the 
monosaccharide units, and the way these carbohydrates are connected to each other or to other 
molecules. The structure of carbohydrates also varies within and among sources. The 
carbohydrates present in feed ingredients commonly included in diets for pigs are composed of at 
least 14 monosaccharide units that are linked by different types of glycosidic bonds. The 
arrangement of these monosaccharide components and the type of bonds that link them together 
influence the degradability of the carbohydrate component. Therefore, different combinations of 
enzymes are needed to degrade carbohydrates in different feed ingredients.  
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Figure 2.1. Carbohydrates commonly present in feeds
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Figure 2.2. Structure of monosaccharides 
Pentoses Hexoses 
Uronic Acids Deoxy sugars 
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Figure 2.3. Disaccharides structure and enzymes needed for hydrolysis 
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Figure 2.4a. Galacto-oligosaccharides structure and enzymes needed for hydrolysis 
 
  
 
 
 
 
 
 
 
Figure 2.4b. Fructo-oligosaccharides structure and enzymes needed for hydrolysis 
 
 
 
 
 
 
Figure 2.4c. Mannan-oligosaccharides structure and enzymes needed for hydrolysis (modified 
from Cuskin et al., 2015) 
 
Figure 2.4. Oligosaccharides structure and enzymes needed for hydrolysis 
36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Starch and glycogen structure and enzymes needed for hydrolysis (adapted from Tester et al., 2004) 
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Figure 2.6. Cellulose structure and enzymes needed for hydrolysis 
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Figure 2.7. Arabinoxylan structure and enzymes needed for hydrolysis 
 
39 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Mixed-linked β-glucans structure and enzymes needed for hydrolysis   
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Figure 2.9. Xyloglucan structure and enzymes needed for hydrolysis (adapted from Fry, 1989) 
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Figure 2.10. Structure of mannans and enzymes needed for hydrolysis   
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Figure 2.11. Structure of homogalacturonans and enzymes needed for hydrolysis (Gamauf et al., 2007) 
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Figure 2.12. Structure of xylogalacturonans and enzymes needed for hydrolysis 
 
  
44 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
  
 
Figure 2.13. Structure of rhamnogalacturonan II and enzymes needed for hydrolysis (Ndeh et al., 2017)  
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Figure 2.14. Structure of rhamnogalacturonan I and enzymes needed for hydrolysis (adapted from Caffall and Mohnen, 2009) 
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Figure 2.15. Structure of arabinogalactan I and enzymes needed for hydrolysis (adapted from Vincken et al., 2003) 
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Figure 2.16. Structure of arabinogalactan II and enzymes needed for hydrolysis 
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Figure 2.17. Structure of arabinans and enzymes needed for hydrolysis (adapted from Vincken et al., 2003)
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CHAPTER 3: DEGRADATION OF DIETARY FIBER IN THE STOMACH, SMALL 
INTESTINE, AND LARGE INTESTINE OF GROWING PIGS FED CORN- OR 
WHEAT-BASED DIETS WITHOUT OR WITH MICROBIAL XYLANASE  
 
ABSTRACT: An experiment was conducted to test the hypothesis that microbial xylanases may 
contribute to the degradation of fiber in wheat and wheat-based diets and in corn and corn-based 
diets along the intestinal tract of pigs. Twenty-four growing barrows (initial BW: 28.51 ± 1.86 
kg) were prepared with a T-cannula in the duodenum and another T-cannula in the distal ileum 
and allotted to a 24 × 4 Youden square design with 12 diets and 4 18-d periods. Two diets based 
on corn and soybean meal (SBM) or corn, SBM, and 30% distillers dried grains with solubles 
(DDGS) were formulated and 2 additional diets based on wheat and SBM or wheat, SBM, and 
30% wheat middlings were also formulated. The 4 diets were formulated without microbial 
xylanase, or with 1 of 2 microbial xylanases (Xylanase A or Xylanase B; Danisco Animal 
Nutrition-DuPont Industrial Biosciences, Marlborough, UK) for a total of 12 diets. Feces and 
urine were collected from d 8 to 13, ileal digesta were collected on d 15 and 16, and duodenal 
digesta were collected on d 17 and 18 of each period. The apparent duodenal digestibility 
(ADD), apparent ileal digestibility (AID), and apparent total tract digestibility (ATTD) of GE, 
nutrients, and dietary fiber were calculated. Results indicated that the AID of GE in corn-SBM or 
wheat-SBM diets was greater (P< 0.05) than in the corn-SBM-DDGS and wheat-SBM-wheat 
middlings diets, but no difference was observed for the AID of dietary fiber between wheat-SBM 
and wheat-SBM-wheat middlings diets. The ATTD of dietary fiber was also greater (P < 0.05) in 
corn-SBM and wheat-SBM diets compared with corn-SBM-DDGS and wheat-SBM-wheat 
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middlings diets, which indicates that the concentration of dietary fiber may influence the degree 
of fermentation of fiber. Inclusion of Xylanase A or B improved (P < 0.05) the ADD and the 
ATTD of nutrients and dietary fiber in wheat-based diets, indicating activity of xylanase in the 
gastro-intestinal tract of pigs. Inclusion of Xylanase A improved (P < 0.05) the concentration of 
DE and ME in wheat-SBM-wheat middlings diets and Xylanase B improved (P < 0.05) the 
concentration of DE in wheat-based diets and improved (P < 0.05) the concentration of ME in 
wheat-SBM diets. In conclusion, the xylanases used in this experiment improved the digestibility 
of dietary fiber in the stomach and hindgut and improved energy status of pigs fed wheat-based 
diets, but not of pigs fed corn-based diets. 
 Key words: dietary fiber, digestibility, energy, pigs, stomach, xylanase 
 
INTRODUCTION 
Corn and wheat and co-products from these grains contain considerable quantities of 
arabinoxylans (Jaworski et al., 2015), but the response to microbial xylanases is often greater in 
wheat-based diets than in corn-based diets although the reason for this observation has not been 
elucidated. Degradation of non-starch polysaccharides (NSP) in the intestinal tract varies 
depending on the structure and physicochemical characteristics of the NSP (Bach Knudsen, 
2001), which indicates that the rate of degradation of NSP, and consequently the effect of 
microbial xylanase, may vary among ingredients. Results of a recent experiment indicated that 
most of the soluble dietary fiber (SDF) was fermented prior to the colon, whereas most 
fermentation of the insoluble dietary fiber (IDF) takes place in the colon (Jaworski and Stein, 
2017). Fiber in DDGS or soybean hulls is less fermentable compared with fiber in wheat 
middlings further indicating that differences among different types of fiber exist (Jaworski and 
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Stein, 2017). It is also possible that the type of fiber influences the site in the intestinal tract 
where fiber will be fermented and if that is the case, it is likely that microbial xylanase will have 
different activities in different sections of the intestinal tract. However, degradation of individual 
dietary fiber fractions in corn and wheat-based diets in different sections of the gastrointestinal 
tract of pigs has not been reported. Therefore, an experiment was conducted to test the 
hypothesis that microbial xylanases contribute to the degradation of fiber in wheat and wheat-
based diets and in corn and corn-based diets at different sites of the intestinal tract. The 
objectives of the experiment were to quantify the degradation of dietary fiber fractions in the 
stomach, small intestine, and large intestine of pigs and to determine the effect of xylanase on 
degradation of dietary fiber fractions in corn and wheat and their co-products.  
 
MATERIALS AND METHODS 
The protocol for this experiment was approved by the Institutional Animal Care and Use 
Committee at the University of Illinois. Pigs that were the offspring of PIC L359 boars mated to 
Camborough females (Pig Improvement Company, Hendersonville, TN) were used. 
Animals, Housing, Diets, and Experimental Design 
 Two diets based on corn and soybean meal (SBM) or corn, SBM, and 30% distillers 
dried grains with solubles (DDGS) were formulated to meet nutrient requirements for 25 to 50 
kg growing pigs (NRC, 2012; Table 3.1). Two additional diets based on wheat and SBM or 
wheat, SBM, and 30% wheat middlings were also formulated. Wheat middlings and DDGS were 
added to the wheat-SBM and corn-SBM diets, respectively, to increase the dietary fiber 
concentration and 30% is usually the maximum concentrations that are used of these ingredients 
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in diets for pigs. The 4 diets were formulated without microbial xylanase, or with 1 of 2 
microbial xylanases (16,000 units per kg of Xylanase A or Xylanase B; Danisco Animal 
Nutrition-DuPont Industrial Biosciences, Marlborough, UK) for a total of 12 diets. All diets 
contained microbial phytase (1,000 phytase units per kg; Axtra® PHY; Danisco Animal 
Nutrition-DuPont Industrial Biosciences, Marlborough, UK). Titanium dioxide was included at 
0.40% in all diets as an indigestible marker.  
Twenty-four growing barrows (initial BW:  28.51 ± 1.86 kg) were prepared with a T-
cannula in the duodenum and another T-cannula in the distal ileum (Stein et al., 1998). Pigs were 
housed individually in metabolism crates with a fully slatted floor, a fecal collection screen, a 
urine tray, a feeder, and a nipple drinker. Feeding of experimental diets was initiated 7 d after 
surgery. Water was available at all times. The 24 pigs were allotted to a 24 × 4 Youden square 
design with the 12 diets and 4 periods. Within each period, 2 pigs received each diet for a total of 
8 replicate pigs per diet for the 4 periods. The daily feed allowance was calculated to provide 3.2 
times the estimated requirement for maintenance energy (i.e., 197 kcal ME/kg0.6; NRC, 2012) 
and was divided into 2 equal meals that were fed at 0800 and 1600 h, respectively. The BW of 
each pig was recorded at the beginning of the experiment and at the end of each period. 
 Each period lasted 18 d. The initial 7 d was an adaptation period to the diets. Feces and 
urine were collected from the feed provided from d 8 to 13 following the marker to marker 
approach (Adeola, 2001). Ileal digesta were collected on d 15 and 16, and duodenal digesta were 
collected on d 17 and 18 (González-Vega et al., 2014). Digesta were collected by attaching a 225 
mL plastic bag to the cannula barrel, which allowed digesta to flow into the bag. Bags were 
replaced every 30 min or whenever full. Immediately after collection, digesta were stored at – 
20°C.  
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The total volume of urine was measured when collected over a preservative of 50 mL of 
6N HCl, and 20% of the volume was stored at – 20°C. At the end of each collection period, urine 
was thawed, filtered through cheesecloth, subsampled, and freeze-dried for analysis. At the 
conclusion of the experiment, the duodenal digesta and ileal digesta were thawed, sub-sampled, 
lyophilized, and then ground. Fecal samples were thawed, mixed, dried for 120 h in a 650C 
drying oven, and ground through a 1-mm screen in a Wiley Mill (Model 4; Thomas Scientific, 
Swedesboro, NJ), and then subsampled. 
Chemical Analyses 
All ingredients, diets, duodenal digesta, ileal digesta, and fecal samples were analyzed for 
DM (Method 930.15; AOAC Int., 2007) and ash (Method 942.05; AOAC Int., 2007). These 
samples were also analyzed for ADF and NDF using Ankom Technology method 12 and 13, 
respectively (Ankom2000 Fiber Analyzer, Ankom Technology, Macedon, NY) and ADL using 
Ankom Technology method 9 (Ankom DaisyII Incubator, Ankom Technology, Macedon, NY). 
Samples were also analyzed for SDF and IDF according to Method 991.43 (AOAC Int., 2007) 
using the AnkomTDF Dietary Fiber Analyzer (Ankom Technology, Macedon, NY).  
Samples were analyzed for CP using the combustion procedure (Method 990.03; AOAC 
Int., 2007) on an Elementar Rapid N-cube protein/nitrogen apparatus (Elementar Americas Inc., 
Mt. Laurel, NJ); aspartic acid was used as a calibration standard, and CP was calculated as N × 
6.25. Diets and ingredients were analyzed for AA on a Hitachi AA Analyzer, Model No. L8800 
(Hitachi High Technologies America, Inc., Pleasanton, CA) using ninhydrin for postcolumn 
derivatization and norleucine as the internal standard (Method 982.30 E (a, b, c); AOAC Int., 
2007). All diets and ingredients were analyzed for acid hydrolyzed ether extract using 3N HCl on 
the ANKOMHCl Hydrolysis System (ANKOM Feed Technology, Macedon, NY) followed by 
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crude fat extraction using petroleum ether on an ANKOMXT15 Extractor (Method: AOCS Am 5-
04; ANKOM Feed Technology, Macedon, NY).  
Titanium concentration in diets, duodenal digesta, and ileal digesta samples was analyzed 
following the procedure of Myers et al. (2004). All ingredients, diets, duodenal digesta, ileal 
digesta, freeze-dried urine, and fecal samples were analyzed in duplicate for GE using bomb 
calorimetry (Model 6300; Parr Instruments, Moline, IL), with benzoic acid used as a calibration 
standard. Diets and ingredients were also analyzed for Ca and P by inductively coupled plasma-
optical emission spectrometry (Method 985.01 A, B, and C; AOAC Int., 2007) after wet ash 
sample preparation [Method 975.03 B(b); AOAC Int., 2007]. 
Calculations 
Values for cellulose, insoluble hemicellulose, total dietary fiber (TDF), NSP, insoluble 
NSP, and non-cellulosic NSP were calculated in ingredients, diets, duodenal digesta, ileal 
digesta, and fecal samples (Table 3.2). The apparent duodenal digestibility (ADD), the apparent 
ileal digestibility (AID), and the apparent total tract digestibility (ATTD) of GE in each diet 
were calculated (Stein et al., 2007; NRC, 2012) and the GE in feces and urine samples was 
subtracted from the GE in diets to calculate DE and ME of each diet (Adeola, 2001). The ADD, 
AID, and ATTD of DM, ash, OM, CP, ADL, ADF, NDF, cellulose, insoluble hemicellulose, 
IDF, SDF, TDF, NSP, insoluble NSP, and non-cellulosic NSP were also calculated. 
Statistical Analyses 
All data were analyzed following a 2 × 2 × 3 design with 2 types of diets (corn-based or 
wheat-based), 2 levels of fiber (low or high), and 3 microbial xylanase treatments (none, 
Xylanase A, or Xylanase B) using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC) with 
pig as the experimental unit. The model included diet, fiber, xylanase, diet × fiber, diet × 
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xylanase, fiber × xylanase, and diet × fiber × xylanase as fixed effects, and pig and period as 
random effects. Least square means were calculated for each independent variable and means 
were separated using the PDIFF option. The significance among dietary treatments was 
determined at P ≤ 0.05 for all analyses. 
RESULTS 
Ingredients and Diets 
 The analyzed nutrient composition of ingredients and diets were close to expected values 
(Tables 3.3 and 3.4). The analyzed values for xylanase in all diets containing Xylanase A or 
Xylanase B were more than 16,000 units of xylanase per kg. The analyzed phytase values were 
between 636 and 828 phytase units for all corn-based diets, close to 1,000 phytase units per kg 
for the wheat-SBM diets, and wheat-SBM-wheat middlings diets contained between 1,376 and 
1,549 phytase units per kg.  
Apparent Duodenal, Ileal, and Total Tract Digestibility  
Addition of Xylanase B to the corn-SBM diet reduced (P < 0.05) the ADD of GE, DM, 
and OM, but that was not the case if added to the corn-SBM-DDGS diets or wheat-based diets 
(grain source × fiber concentration × xylanase interaction, P < 0.05; Table 3.5). Inclusion of 
Xylanase A improved (P < 0.05) the ADD of GE, DM, and OM in wheat-SBM-wheat middlings 
diets, but no difference was observed if added to the wheat-SBM or corn-based diets (grain 
source × fiber concentration × xylanase interaction, P < 0.05). Addition of Xylanase A or B to 
the diets without DDGS or wheat middlings reduced (P < 0.05) the ADD of ash or SDF, 
respectively, but that was not the case if added to the diets with DDGS or wheat middlings (fiber 
concentration × xylanase interaction, P < 0.05). Addition of Xylanase B to wheat-based diets 
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improved (P < 0.05) the ADD of ADF and non-cellulosic NSP, but no difference was observed if 
added to the corn-based diets (grain source × xylanase interaction, P < 0.05). Inclusion of 
Xylanase A or B to the wheat-based diets improved (P < 0.05) the ADD of NDF, cellulose, 
insoluble hemicellulose, IDF, TDF, NSP, and insoluble NSP, but no difference was observed if 
xylanase was added to the corn-based diets (grain source × xylanase interaction, P < 0.05). 
The ADD of CP in wheat-SBM-wheat middlings diets was greater (P < 0.05) than in 
wheat-SBM diets, but no difference was observed between corn-SBM and corn-SBM-DDGS 
diets (grain source × fiber concentration interaction, P < 0.05). The ADD of ADF in corn-SBM 
diets was less (P < 0.05) than in the corn-SBM-DDGS diets, but the ADD of ADF in wheat-
SBM diets was greater (P < 0.05) than in the wheat-SBM-wheat middlings diets (grain source × 
fiber concentration interaction, P < 0.05). The ADD of NDF in wheat-SBM diets was greater (P 
< 0.05) than in wheat-SBM-wheat middlings diets, but no difference was observed between 
corn-SBM and corn-SBM-DDGS diets (grain source × fiber concentration interaction, P < 0.05). 
The ADD of ADL and insoluble hemicellulose in corn-SBM-DDGS diets was greater (P < 0.05) 
than in corn-SBM diets, but no difference was observed between wheat-SBM and wheat-SBM-
wheat middlings diets (grain source × fiber concentration interaction, P < 0.05).  
The AID of NDF, cellulose, insoluble hemicellulose, and SDF in corn-SBM-DDGS diets 
was greater (P < 0.05) than in corn-SBM diets, but no difference was observed between wheat-
SBM and wheat-SBM-wheat middlings diets (grain source × fiber concentration interaction, P < 
0.05; Table 3.6). The improvement in the AID of ADL and ADF was greater (P < 0.05) if DDGS 
was added to the corn-based diets than if wheat middlings was added to the wheat-based diets 
(grain source × fiber concentration interaction, P < 0.05). The AID of ash in wheat-SBM diets 
was greater than (P < 0.05) in wheat-SBM-wheat middlings diets, but no difference was 
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observed between corn-SBM and corn-SBM-DDGS diets (grain source × fiber concentration 
interaction, P < 0.05). The AID of GE in corn-based diets was greater (P < 0.05) than in wheat-
based diets and the AID of CP, IDF, TDF, NSP, insoluble NSP, and non-cellulosic NSP in 
wheat-based diets was greater (P < 0.05) than in corn-based diets. The AID of GE, DM, OM, and 
CP in diets without DDGS and wheat middlings was greater (P < 0.05) than in diets containing 
DDGS and wheat middlings. 
Inclusion of Xylanase A or B improved (P < 0.05) the ATTD of GE, DM, OM, NDF, 
insoluble hemicellulose, IDF, TDF, and insoluble NSP in wheat-based diets, but that was not the 
case for corn-based diets (grain source × xylanase interaction, P < 0.05; Table 3.7). The ATTD 
of ash, ADF, NDF, cellulose, and insoluble hemicellulose in wheat-SBM diets was greater (P < 
0.05) than in wheat-SBM-wheat middlings diets, but no difference was observed between corn-
SBM and corn-SBM-DDGS diets (grain source × fiber concentration interaction, P < 0.05). The 
reduction in ATTD of insoluble NSP was greater (P < 0.05) if DDGS was added to corn-based 
diets than if wheat middlings was added to wheat-based diets, and the improvement in ATTD of 
ADL was greater (P < 0.05) if DDGS was added to corn-based diets than if wheat middlings was 
added to wheat-based diets (grain source × fiber concentration interaction, P < 0.05). 
The ATTD of SDF in corn-SBM-DDGS diets was greater (P < 0.05) than in corn-SBM 
diets, but no difference was observed between wheat-SBM and wheat-SBM-wheat middlings 
diets (grain source × fiber concentration interaction, P < 0.05). The ATTD of non-cellulosic NSP 
in corn-SBM diets was greater (P < 0.05) than in corn-SBM-DDGS diets, but less (P < 0.05) in 
wheat-SBM diets than in wheat-SBM-wheat middlings diets (grain source × fiber concentration 
interaction, P < 0.05). The ATTD of CP and NSP in wheat-based diets was greater (P < 0.05) 
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than in corn-based diets and the ATTD of CP and NSP in diets without DDGS and wheat 
middlings was greater (P < 0.05) than in diets with DDGS and wheat middlings.  
Concentration of DE and ME in the Diets 
The reduction in the concentration of DE and ME was greater (P < 0.05) if wheat 
middlings was added to the wheat-based diets than if DDGS was added to the corn-based diets 
(grain source × fiber concentration interaction, P < 0.05; Table 3.8). The concentration of DE in 
wheat-based diets was improved (P < 0.05) if Xylanase B was used, but no difference was 
observed if Xylanase B was added to the corn-based diets (grain source × xylanase interaction, P 
< 0.05). Inclusion of Xylanase B improved (P < 0.05) the concentration of ME in wheat-SBM 
diets and Xylanase A improved (P < 0.05) the concentration of DE and ME in wheat-SBM-
wheat middlings diets.  
 
DISCUSSION 
The low ADD of GE, DM, OM, CP, and all dietary fiber components that was observed 
for all diets was expected because there is no absorption of these components in the stomach 
(Wilfart et al., 2007; Cadogan and Choct, 2015). The low ADD of most fiber components 
indicates that insoluble fiber is not fermented in the stomach. However, it appears that, 
particularly for wheat-based diets, some fermentation or solubilization of SDF and non-cellulosic 
NSP takes place in the stomach or the first part of the duodenum. The reason some of the SDF 
disappeared in the stomach likely is that some parts of fiber solubilize in the liquid environment 
in the stomach, as previously reported in sows (Planas, 1999). It appears that SDF from wheat 
and wheat middlings are more soluble in the early part of the digestive tract than SDF from corn 
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or corn-DDGS, but microbial xylanases do not appear to influence solubility of dietary fiber in 
the stomach of pigs fed corn-based diets. 
The AID of GE in the corn-SBM diets that was calculated in this experiment is in 
agreement with values from previous experiments (Urriola and Stein, 2012; Gutierrez et al., 
2016), although lower AID of DM and OM also have been reported (Passos et al., 2015). 
Likewise, the AID of GE in the corn-SBM-DDGS diets was within the range of previously 
reported data (Urriola and Stein, 2010; Ndou et al., 2015; Gutierrez et al., 2016; Moran et al., 
2016; Jaworski and Stein, 2017). However, the observation that there was no effect of xylanase 
supplementation on the AID of GE in the corn-SBM or DDGS diets is in contrast with previous 
reports, where supplementation of xylanase improved (Ndou et al., 2015) or reduced (Moran et 
al., 2016) the AID of GE in corn-SBM-DDGS diets. 
The reason the AID of GE, DM, OM, and CP in the corn-SBM-DDGS diets was less than 
in corn-SBM diets is most likely that DDGS increased the dietary fiber concentration, thereby 
reducing digestibility and increasing endogenous nutrient losses (Grieshop et al., 2001; 
Souffrant, 2001; Urriola and Stein, 2010). These results are in agreement with previous data 
(Gutierrez et al., 2016; Jaworski and Stein, 2017). The observation that the AID of NDF and 
ADF was greater in the corn-SBM-DDGS diets than in the corn-SBM diets is likely a result of 
the fact that there was more substrate in the corn-SBM-DDGS diets than in the corn-SBM diets, 
and this observation is also in agreement with previous data (Urriola and Stein, 2010). This may 
also be associated with the fermentation process to produce DDGS from corn, making the dietary 
fiber in DDGS less rigid compared to the dietary fiber in corn. However, a lack of a difference in 
the AID of NDF and ADF between corn-SBM-DDGS diets and corn-SBM diets has also been 
reported (Urriola and Stein, 2010; Gutierrez et al., 2016; Jaworski and Stein, 2017). The negative 
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AID of ADF, cellulose, and SDF that was observed in this experiment may have been a result of 
the fact that some compounds that are secreted by the animal into the intestinal tract are analyzed 
as fiber (Cervantes‐Pahm et al., 2014; Montoya et al., 2015; 2016; 2017). Likewise, the negative 
AID of ADL that was observed may be a result of cutin and other non-lignin carbohydrates that 
are analyzed as lignin in the ADL procedure (Van Soest and Wine, 1968; Cherney, 2000).  
The AID of GE in the wheat-SBM diets is in agreement with previous data (Cadogan and 
Choct, 2015) and the AID of GE in the wheat-SBM-wheat middlings diets is also in agreement 
with data by Jaworski and Stein (2017), but a lower AID of GE has also been reported (Moran et 
al., 2016). There is, however, a considerable difference in the composition of wheat middlings 
among suppliers, which may be the reason different results for the AID of GE have been 
observed. The greater AID of GE, DM, OM, and CP observed for the wheat-SBM diets than for 
the wheat-SBM-wheat middlings diets may be a result of greater concentration of dietary fiber in 
wheat middlings than in wheat and SBM, which may have resulted in reduced digestibility of 
other nutrients as was also observed for the corn-SBM-DDGS diets. The observation that there 
was no difference in the AID of fiber fractions between the wheat-SBM and the wheat-SBM-
wheat middlings diets, which has also been reported previously (Jaworski and Stein, 2017), 
indicates that the fiber fractions from wheat are fermented at the same rate regardless of the 
concentration in the diet. The low, but highly variable, AID of dietary fiber fractions that was 
observed in this experiment is in agreement with previous data (Bach Knudsen et al., 2013; 
Jaworski and Stein, 2017), and reflects the fact that there is limited fermentation of dietary fiber 
in the small intestine of pigs. The lack of responses to the xylanases on AID of GE or nutrients is 
in agreement with some previous data (Yáñez et al., 2011; Moran et al., 2016), although a 
positive response to xylanase has also been reported (Diebold et al., 2004; Nortey et al., 2007).  
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The observed values for ATTD of DM, GE, CP, ADF, NDF, cellulose, and insoluble 
hemicellulose in all diets are within the range of reported data (Yin et al., 2000; Urriola and 
Stein, 2010; Gutierrez et al., 2016; Moran et al., 2016; Jaworski and Stein, 2017; Tsai et al., 
2017) and the observed values for the ATTD of insoluble hemicellulose, IDF, TDF, NSP, 
insoluble NSP, and non-cellulosic NSP is in agreement with previous data (Jaworski and Stein, 
2017). The observation that values for the ATTD of cellulose is greater than the ATTD of 
hemicellulose in corn-SBM and corn-SBM-DDGS diets, but not in wheat-SBM or wheat-SBM-
wheat middlings has also been reported (Jaworski and Stein, 2017). This indicates that the 
insoluble hemicellulose in corn is less fermentable compared with that in wheat, whereas the 
cellulose in corn may be more fermentable than in wheat. Fermentability of cellulose is related to 
the proportion of amorphous cellulose and the data from this experiment indicate that cellulose 
from corn may be more amorphous and less crystalline than cellulose from wheat. 
The greater ATTD of GE, DM, CP, and OM in the corn-SBM and wheat-SBM diets than 
in corn-SBM-DDGS and wheat-SBM-wheat middlings diets is likely a result of the greater 
concentration of dietary fiber in DDGS and wheat middlings than in corn, wheat, and SBM, 
which may have reduced nutrient digestibility in diets containing DDGS or wheat middlings. 
Dietary fiber, particularly NSP, may serve as a structural barrier for digestion because of 
hindering the access of digestive enzymes to starch, CP, and possibly other nutrients (Jørgensen, 
1996; Le Gall, 2009; de Vries, 2014). The observation that the ATTD of IDF, TDF, NSP, 
insoluble NSP, and non-cellulosic NSP in corn-SBM diets are greater than in the corn-SBM-
DDGS diets indicates that these dietary fiber components in corn are more fermentable if present 
in the diet in reduced concentrations. This observation also indicates that the fermentation 
process during ethanol production does not solubilize or delignify dietary fiber in corn, which is 
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in agreement with data indicating that acid extrusion of DDGS did not affect the degradation of 
NSP in corn DDGS (de Vries et al., 2014). The observation that the ATTD of NDF, ADF, and 
cellulose in corn-based diets are not influenced by the presence of DDGS in the diets indicates 
that dietary fiber components in corn and DDGS are fermented to the same degree regardless of 
the concentration in the diet, which is likely a result of the fact that the percentage of 
arabinoxylans and cellulose in the NSP of DDGS is not different from that of corn (Jaworski et 
al., 2015).  
The observed greater ATTD of NDF, ADF, cellulose, insoluble hemicellulose, IDF, TDF, 
NSP, insoluble NSP, and non-cellulosic NSP in the wheat-SBM diets compared with the wheat-
SBM-wheat middlings diet indicates that the fermentability of dietary fiber in wheat may be 
reduced with increased fiber concentration in the diet. The digestibility of these dietary fiber 
fractions is likely influenced by their structural arrangement in the cell wall, which makes them 
less susceptible to digestive enzymes (Bach Knudsen, 1993; Jørgensen, 1996; Le Gall, 2009; de 
Vries, 2014).  
The observation that the DE and ME in corn diets are greater than in wheat diets was 
expected because corn contains more starch and less NDF compared with wheat (NRC, 2012). 
The reduction in DE and ME with increased fiber level in the diets, as observed in the wheat-
SBM-wheat middlings diets, is in agreement with previous data (Stewart et al., 2013; Jaworski 
and Stein, 2017). Xylose may reduce the digestibility of energy, therefore, ME may be reduced if 
xylanase releases xylose in the small intestine, which may explain the reduction in DE in the 
corn-SBM-DDGS diets that was observed as xylanase was used (Yule and Fuller, 1992; 
Verstegen et al., 1997). 
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The lack of a response to xylanase in the corn-based diets indicates that the microbial 
xylanases used in this experiment are not effective in hydrolyzing the glycosidic and ester bonds 
in the arabinoxylans in corn and DDGS. The reason for this observation may be that the 
arabinoxylans in corn and DDGS are lignified, highly branched, and linked to structural proteins, 
which make it more difficult for both microbial and exogenous enzymes to ferment 
arabinoxylans and other dietary fiber components in corn or DDGS (Saulnier et al., 1995; Saha 
and Bothast, 1999). The improvement in the ADD and ATTD of nutrients in the wheat-SBM-
wheat middlings diet in response to both xylanases is likely a result of increased fermentability 
of arabinoxylans because the calculated ATTD of hemicellulose increased. The observed 
responses to Xylanase B in both wheat-SBM and the wheat-SBM-wheat middlings diets 
indicates that Xylanase B may be included in wheat-based diets to improve digestibility of 
nutrients and fermentability of dietary fiber fractions. The positive effects of xylanase on DE and 
ME in the wheat-based diets is in agreement with previous data (Nortey et al., 2007; Olukosi et 
al., 2007), although a lack of positive responses to xylanase has also been reported (Yáñez et al., 
2011). The observed improvement in both DE and ME in wheat-SBM diets and wheat-SBM-
wheat middlings diets with the inclusion of Xylanase B and Xylanase A, respectively, indicates 
that Xylanase B may be included in wheat-based diets with less concentration of dietary fiber 
and Xylanase A may be more effective in wheat-based diets with greater concentration of dietary 
fiber. 
In conclusion, digestion of energy and fermentation of dietary fiber occur mainly in the 
small intestine and hindgut of the pigs, respectively. The ATTD of dietary fiber is greater in 
corn-SBM and wheat-SBM diets compared with diets containing DDGS or wheat middlings, 
which indicates that the concentration of dietary fiber may influence the degree of fermentation 
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of dietary fiber. Microbial xylanase improved the ATTD of energy and dietary fiber and the 
concentration of DE and ME in wheat-based diets. The microbial xylanases used in this 
experiment improved the dietary fiber digestibility in the stomach and hindgut of the pigs and 
improved energy status of pigs fed wheat-based diets, but not corn-based diets  
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TABLES 
 
Table 3.1. Ingredient composition and calculated chemical composition of experimental diets 
Item 
Corn-
SBM1 
Corn-
SBM- 
DDGS1 
Wheat-
SBM 
Wheat-SBM-wheat 
middlings 
Ingredient, % 
    
  Corn 71.40 47.55 - - 
  DDGS - 30.00 - - 
  Wheat - - 73.75 44.88 
  Wheat middlings - - - 30.00 
  Soybean meal, 48% CP 24.00 18.00 22.00 21.00 
  Soybean oil 1.00 1.00 1.00 1.00 
  Limestone 1.17 1.44 1.40 1.45 
  Dicalcium phosphate 0.56 0.18 0.14 - 
  L- Lys HCl, 78% Lys 0.28 0.33 0.21 0.17 
  DL-Met 0.03 - - - 
  L-Thr 0.06 - - - 
  Vitamin-mineral premix2 0.30 0.30 0.30 0.30 
  Sodium chloride 0.30 0.30 0.30 0.30 
  Titanium dioxide 0.40 0.40 0.40 0.40 
  Phytase premix3, 4 0.50 0.50 0.50 0.50 
Calculated values5 
    
  NE, kcal/kg 2,476 2,416 2,348 2,247 
  CP, % 17.38 20.76 21.24 21.31 
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Table 3.1. (Cont.)     
  Ca, % 0.66 0.66 0.66 0.66 
  Standardized total tract 
digestible P, % 0.31 0.31 0.31 0.40 
Amino acids6, % 
    
  Arg 1.01 1.04 1.12 1.23 
  His 0.42 0.48 0.47 0.49 
  Ile 0.62 0.69 0.73 0.71 
  Leu 1.36 2.08 1.30 1.28 
  Lys 0.98 0.98 0.98 0.98 
  Met 0.28 0.32 0.27 0.27 
  Met + Cys 0.56 0.61 0.62 0.61 
  Phe 0.74 0.87 0.89 0.86 
  Thr 0.59 0.60 0.60 0.60 
  Trp 0.18 0.17 0.24 0.24 
  Val 0.69 0.81 0.80 0.81 
1SBM = soybean meal; DDGS = distillers dried grains with solubles. 
2Provided the following quantities of vitamins and micro-minerals per kilogram of 
complete diet: Vitamin A as retinyl acetate, 11,136 IU; vitamin D3 as cholecalciferol, 2,208 IU; 
vitamin E as DL-alpha tocopheryl acetate, 66 IU; vitamin K as menadione dimethylprimidinol 
bisulfite, 1.42 mg; thiamin as thiamine mononitrate, 0.24 mg; riboflavin, 6.59 mg;  pyridoxine as 
pyridoxine hydrochloride, 0.24 mg; vitamin B12, 0.03 mg; D-pantothenic acid as D-calcium 
pantothenate, 23.5 mg; niacin, 44.1 mg; folic acid, 1.59 mg; biotin, 0.44 mg; Cu, 20 mg as  
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Table 3.1. (Cont.) 
copper sulfate and copper chloride; Fe, 126 mg as ferrous sulfate; I, 1.26 mg as ethylenediamine 
dihydriodide; Mn, 60.2 mg as manganese sulfate; Se, 0.3 mg as sodium selenite and selenium 
yeast; and Zn, 125.1 mg as zinc sulfate. 
3The phytase premix contained 200,000 units of microbial phytase (Axtra® PHY; 
Danisco Animal Nutrition-DuPont Industrial Biosciences, Waukesha, WI) per kg, which resulted 
in addition of 1,000 units per kg of microbial phytase in the complete diet.  
4Four additional diets that were identical to the diets above were formulated by including 
Xylanase A in the phytase premix and another 4 diets were formulated by including Xylanase B 
in the phytase premix. Each of the 2 xylanases were included in the premixes in quantities that 
provided 16,000 units of xylanase in the final diet. Both Xylanase A and B were experimental 
xylanases produced by Danisco Animal Nutrition-DuPont Industrial Biosciences (Marlborough, 
UK). 
5Calculated from NRC, 2012. 
6Amino acids are indicated as standardized ileal digestible AA. 
 
 
84 
 
Table 3.2. Calculation of dietary fiber components 
Item Calculation 
Cellulose Acid detergent fiber - acid detergent lignin  
Insoluble hemicellulose Neutral detergent fiber - acid detergent fiber 
Total dietary fiber  Insoluble dietary fiber + soluble dietary fiber 
Non-starch polysaccharide Total dietary fiber – acid detergent lignin 
Insoluble non-starch polysaccharide 
Non-starch polysaccharide – acid detergent 
lignin 
Non-cellulosic non-starch polysaccharide Non-starch polysaccharide – cellulose 
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Table 3.3. Chemical composition of ingredients 
Item Corn 
Corn-
DDGS1 
Wheat 
Wheat 
middlings 
SBM1 
GE, kcal/kg 3,906 4,755 3,898 4,162 4,282 
DM, % 87.08 85.40 87.47 89.58 89.24 
CP (N × 6.25), % 7.29 27.71 11.32 16.61 47.56 
AEE2, % 3.44 9.90 2.47 5.25 3.45 
Ash, % 1.10 4.41 1.48 4.77 6.17 
OM3, % 85.98 80.99 85.99 84.81 83.07 
Ca, % ND 0.03 0.04 0.08 0.51 
P, % 0.26 0.81 0.33 0.98 0.57 
ADL, % 0.10 1.33 0.70 2.83 0.37 
ADF, % 1.89 10.29 2.94 10.96 3.64 
NDF, % 7.07 35.18 10.17 37.81 6.61 
Cellulose3, % 1.79 8.96 2.24 8.13 3.27 
Insoluble hemicellulose3, % 5.18 24.89 7.23 26.85 2.97 
Insoluble dietary fiber, % 10.10 31.10 11.70 37.60 16.70 
Soluble dietary fiber, % 0.30 1.50 1.20 1.50 1.90 
Total dietary fiber3, % 10.40 32.60 12.90 39.10 18.60 
Non-starch 
polysaccharides3, % 
10.30 31.27 12.20 36.27 18.23 
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Table 3.3. (Cont.)      
Insoluble non-starch 
polysaccharides3, % 
10.00 29.77 11.00 34.77 16.33 
Non-cellulosic non-starch 
polysaccharides3, % 
8.51 22.31 9.96 28.14 14.96 
Indispensable AA, %      
  Arg 0.32 1.23 0.52 1.07 3.49 
  His 0.20 0.74 0.25 0.43 1.24 
  Ile 0.25 1.11 0.39 0.52 2.27 
  Leu 0.81 3.18 0.72 0.99 3.72 
  Lys 0.25 0.86 0.37 0.68 2.97 
  Met 0.15 0.52 0.17 0.24 0.66 
  Phe 0.33 1.25 0.47 0.63 2.42 
  Thr 0.24 1.05 0.31 0.51 1.84 
  Trp 0.06 0.21 0.13 0.20 0.68 
  Val 0.34 1.46 0.48 0.78 2.39 
Dispensable AA, %      
  Ala 0.50 1.88 0.42 0.76 2.04 
  Asp 0.46 1.74 0.59 1.10 5.36 
  Cys 0.15 0.50 0.23 0.32 0.63 
  Glu 1.22 3.55 2.74 2.90 8.49 
  Gly 0.28 1.10 0.46 0.84 2.01 
  Pro 0.58 1.98 0.91 0.96 2.27 
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1DDGS = distillers dried grains and solubles; SBM = soybean meal. 
2AEE = acid hydrolyzed ether extract. 
3Calculated values: OM = DM – ash; Cellulose = ADF – ADL; Insoluble hemicellulose = 
NDF – ADF; Total dietary fiber = insoluble dietary fiber + soluble dietary fiber; Non-starch 
polysaccharides = non-starch polysaccharides – ADL; Insoluble non-starch polysaccharides = non-
starch polysaccharides – ADL; Non-cellulosic non-starch polysaccharide = non-starch 
polysaccharide – cellulose. 
 
 
 
Table 3.3. (Cont.)      
  Ser 0.31 1.21 0.44 0.59 2.10 
  Tyr 0.19 0.94 0.23 0.40 1.72 
Total AA, % 6.67 24.78 9.88 13.98 46.45 
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Table 3.4. Analyzed composition of diets 
Item Corn-based diets  Wheat-based diets 
 Corn-SBM diets1  Corn-SBM-DDGS diets  Wheat-SBM diets  
Wheat-SBM-wheat 
middlings diets 
Xylanase: - A2 B  - A B  - A B  - A3 B 
GE, kcal/kg 3,956 3,949 3,937  4,175 4,136 4,157  3,949 3,934 3,9201  4,024 3,999 3,989 
DM, % 88.37 88.07 88.16  87.70 87.34 87.40  88.22 88.31 88.41  88.95 88.57 88.53 
CP (N × 6.25), % 16.72 16.33 16.26  20.06 20.12 19.55  19.04 19.55 19.93  21.28 21.54 21.21 
AEE3, % 1.99 1.81 1.65  2.89 3.12 3.57  2.67 2.85 2.51  3.41 3.67 2.89 
Ash, % 4.24 4.29 4.24  4.75 4.91 4.84  4.27 4.30 4.39  5.18 5.29 5.19 
OM4, % 84.13 83.78 83.92  82.95 82.43 82.56  83.95 84.01 84.02  83.77 83.28 83.34 
Ca, % 0.71 0.90 0.71  0.82 0.76 0.85  0.67 0.70 0.72  0.70 0.77 0.93 
P, % 0.45 0.49 0.46  0.52 0.54 0.52  0.45 0.43 0.41  0.63 0.62 0.62 
ADL, % 0.13 0.10 0.10  0.38 0.37 0.46  0.50 0.49 0.45  1.15 1.16 1.14 
ADF, % 2.20 2.29 2.20  4.22 4.22 4.44  3.05 2.95 2.95  5.40 5.28 5.31 
NDF, % 6.48 6.59 6.60  14.43 14.50 14.89  9.58 9.19 8.65  17.72 17.38 16.69 
Cellulose4, % 2.07 2.19 2.10  3.84 3.85 3.98  2.55 2.46 2.50  4.25 4.12 4.17 
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Table 3.4. (Cont.)               
Insoluble hemicellulose4, % 4.28 4.30 4.40  10.21 10.28 10.45  6.53 6.24 5.70  12.32 12.10 11.38 
Insoluble dietary fiber, % 10.50 10.80 10.60  17.40 17.70 17.00  12.90 12.80 12.90  21.90 21.30 21.90 
Soluble dietary fiber, % 0.60 0.50 0.40  1.00 1.10 1.00  1.00 1.30 1.20  1.60 1.90 1.80 
Total dietary fiber4, % 11.10 11.30 11.00  18.40 18.80 18.00  13.90 14.10 14.10  23.50 23.20 24.70 
Non-starch polysaccharides4, % 10.97 11.20 10.90  18.02 18.43 17.54  13.40 13.61 13.65  22.35 22.04 23.56 
Insoluble non-starch 
polysaccharides4, % 
10.37 10.70 10.50  17.02 17.33 16.54  12.40 12.31 12.45  20.75 20.14 20.76 
Non-cellulosic non-starch 
polysaccharides4, % 
8.90 9.01 8.80  14.18 14.58 13.56  10.85 11.15 11.15  18.10 17.92 19.39 
Indispensable AA, %                
  Arg 1.09 1.01 1.01  1.10 1.14 1.10  1.17 1.26 1.23  1.32 1.29 1.34 
  His 0.45 0.43 0.43  0.52 0.54 0.53  0.48 0.49 0.48  0.51 0.51 0.52 
  Ile 0.76 0.71 0.71  0.83 0.87 0.84  0.82 0.85 0.83  0.84 0.82 0.85 
  Leu 1.51 1.45 1.46  1.97 2.03 2.02  1.41 1.46 1.43  1.45 1.42 1.47 
  Lys 1.11 1.07 1.04  1.16 1.23 1.16  1.12 1.17 1.19  1.13 1.16 1.19 
  Met 0.29 0.29 0.27  0.33 0.35 0.34  0.30 0.31 0.30  0.30 0.31 0.31 
  Phe 0.84 0.80 0.80  0.94 0.97 0.96  0.91 0.95 0.92  0.93 0.91 0.95 
  Thr 0.66 0.64 0.66  0.74 0.77 0.75  0.67 0.71 0.69  0.69 0.69 0.71 
  Trp 0.22 0.20 0.21  0.22 0.24 0.21  0.22 0.23 0.23  0.24 0.23 0.25 
  Val 0.86 0.81 0.80  0.99 1.02 0.99  0.91 0.94 0.93  0.97 0.96 0.99 
Dispensable AA, %                
  Ala 0.86 0.83 0.83  1.15 1.18 1.16  0.78 0.81 0.79  0.85 0.85 0.88 
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1SBM = soybean meal. 
2Xylanase A and B were experimental xylanases supplied by Danisco Animal Nutrition-DuPont Industrial Biosciences (Marlborough, 
UK). 
3AEE = acid hydrolyzed ether extract. 
4Calculated values: OM = DM – ash; Cellulose = ADF – ADL; Insoluble hemicellulose = NDF – ADF; Total dietary fiber = insoluble 
dietary fiber + soluble dietary fiber; Non-starch polysaccharides = non-starch polysaccharides – ADL; Insoluble non-starch polysaccharides = non-
starch polysaccharides – ADL; Non-cellulosic non-starch polysaccharide = non-starch polysaccharide – cellulose.
Table 3.4. (Cont.)                
  Asp 1.68 1.56 1.56  1.68 1.74 1.70  1.69 1.80 1.74  1.77 1.75 1.83 
  Cys 0.27 0.25 0.24  0.33 0.34 0.33  0.30 0.32 0.32  0.32 0.33 0.35 
  Glu 3.02 2.85 2.85  3.19 3.31 3.30  3.90 4.07 4.01  3.88 3.90 3.99 
  Gly 0.70 0.67 0.66  0.80 0.82 0.79  0.79 0.83 0.82  0.86 0.89 0.91 
  Pro 0.96 0.94 0.96  1.28 1.30 1.29  1.19 1.22 1.22  1.15 1.19 1.21 
  Ser 0.72 0.69 0.68  0.84 0.87 0.86  0.79 0.84 0.81  0.80 0.81 0.83 
  Tyr 0.55 0.52 0.52  0.64 0.66 0.66  0.53 0.59 0.59  0.58 0.57 0.59 
Total AA, % 16.62 15.78 15.75  18.78 19.45 19.05  18.05 18.90 18.59  18.65 18.65 19.23 
Xylanase, units per kg - 14,856 24,875  - 13,391 25,943  - 20,420 42,556  - 19,105 40,248 
Phytase, units per kg 636 711 828  677 722 654  983 859 1,052  1,549 1,376 1,410 
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Table 3.5. Apparent duodenal digestibility of energy, nutrients, and dietary fiber of pigs fed corn- and wheat-based diets, %1 
 
 GE DM Ash OM CP ADL ADF NDF Cellulose 
Insoluble 
hemi-
cellulose 
IDF2 SDF2 TDF2 NSP2 
Insoluble 
NSP 
Non-
cellulosic 
NSP 
Corn-based diets                 
   Corn-SBM3 8.28ab 2.85abc -27.99a 9.56ab 6.23bcd -43.79e 5.08ab 5.23def 7.50ab 5.81ef 12.83cde 19.34abcd 13.19cd 13.75def 13.41cde 15.20de 
   Corn-SBM + Xylanase 
A4 
3.23bcd -2.20cd -44.76bcde 4.86bc 2.94cd -46.12e -1.71bc 2.48ef -0.18bc 4.44f 7.95def -10.17cde 6.96de 7.30efg 8.32def 8.97ef 
   Corn-SBM + Xylanase 
B 
0.03d -4.83d -36.72ab 1.75c -0.01d -35.07de -2.61bc 0.78f -0.82bc 1.94f 7.86def -39.83e 5.56de 5.95fg 8.31def 7.58ef 
   Corn-SBM-DDGS5 3.01cd -3.20cd -33.95ab 4.13bc 2.04cd 16.50ab 1.41bc 7.03cdef 0.12bc 9.11def 2.77f -16.76de 1.69e 1.44g 2.53f 1.97f 
   Corn-SBM-DDGS +     
Xylanase A 
4.98bcd 0.78bcd -30.60ab 7.34bc 1.36cd 11.01abc 2.39bc 10.74bcde 1.44bc 14.38de 7.63def 7.44bcd 7.52de 7.44efg 7.52ef 9.17ef 
   Corn-SBM-DDGS + 
Xylanase B 
3.49bcd -2.03cd -38.82abcd 5.24bc 1.00d 17.57a 3.89b 11.66bcd 2.58bc 14.53de 6.59ef 10.78abcd 6.88de 6.68efg 6.37ef 7.83ef 
Wheat-based diets                 
   Wheat-SBM 7.02abc 2.51abc -52.38de 9.54ab 5.17bcd -12.39bcd -0.38bc 10.91bcde 1.49bc 16.70cd 15.81bcd 48.65a 18.67bc 19.68bcd 16.82bcd 23.69bcd 
   Wheat-SBM + 
Xylanase A 
0.64d -2.98cd -58.30e 3.42c 2.42cd -12.28abcd 4.24ab 18.44b 8.10ab 25.35bc 21.13abc 38.32ab 22.59abc 23.96abc 22.59abc 27.75abc 
   Wheat-SBM + 
Xylanase B 
6.51abc 4.70ab -38.06abc 9.65ab 7.25bc 2.02abc 15.62a 30.35a 17.94a 37.57a 28.67a 44.94ab 30.16a 31.10a 29.66a 34.00a 
   Wheat-SBM-wheat 
middlings 
3.29bcd -1.66bcd -52.10cde 5.66bc 10.12ab -16.81cde -8.17c 4.97def -5.72c 11.31def 12.37cde 26.07abc 13.64cd 15.25cde 14.05cde 20.16cd 
   Wheat-SBM-wheat 
middlings + Xylanase 
A 
10.38a 7.89a -38.42abcd 13.38a 15.31a -4.62abc 4.13ab 18.20b 6.14b 24.54bc 22.25ab 34.47ab 23.11ab 24.45ab 23.66ab 28.57abc 
   Wheat-SBM-wheat 
middlings + Xylanase 
B 
1.25d -1.26bcd -44.83bcde 4.43bc 9.54ab -6.45abcd -0.35bc 15.50bc 1.56bc 29.79ab 23.07ab 35.50ab 24.14ab 25.79ab 24.80ab 31.47ab 
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Table 3.5. (Cont.)                
SEM 1.88 2.41 5.46 2.02 2.46 10.86 4.28 3.31 4.19 3.75 3.31 18.16 3.63 3.64 3.31 3.97 
P-values                 
   Grain source 0.340 0.033 <0.001 0.062 <0.001 0.418 0.643 <0.001 0.176 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
   Fiber concentration 0.913 0.955 0.283 0.840 0.048 <0.001 0.243 0.993 0.049 0.331 0.079 0.939 0.077 0.069 0.070 0.122 
   Grain source × fiber 
concentration 
0.898 0.902 0.684 0.965 0.002 <0.001 0.036 0.001 0.099 0.002 0.733 0.167 0.936 0.844 0.519 0.513 
   Xylanase 0.113 0.586 0.644 0.276 0.618 0.440 0.278 0.005 0.273 <0.001 0.043 0.795 0.098 0.101 0.043 0.103 
   Grain source × 
xylanase 
0.573 0.391 0.057 0.610 0.337 0.777 0.037 0.006 0.023 0.001 0.024 0.581 0.031 0.030 0.022 0.049 
   Fiber concentration  × 
xylanase 
0.001 0.002 0.007 0.001 0.220 0.783 0.365 0.321 0.392 0.527 0.293 0.040 0.158 0.161 0.311 0.141 
   Grain source × fiber 
concentration  × 
xylanase 
0.008 0.049 0.707 0.021 0.113 0.866 0.204 0.097 0.179 0.452 0.471 0.184 0.318 0.311 0.460 0.387 
1Data are means of 8 observations per treatment. 
2IDF = insoluble dietary fiber; SDF = soluble dietary fiber; TDF = total dietary fiber; NSP = non-starch polysaccharide. 
3SBM = soybean meal. 
4Xylanase A and B were experimental xylanases supplied by Danisco Animal Nutrition-DuPont Industrial Biosciences (Marlborough, UK). 
5DDGS = distillers dried grains with solubles. 
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Table 3.6. Apparent ileal digestibility of energy, nutrients, and dietary fiber of pigs fed corn- and wheat-based diets, %1 
 
 GE DM Ash OM CP ADL ADF NDF Cellulose 
Insoluble 
hemi-
cellulose 
IDF2 SDF2 TDF2 NSP2 
Insoluble 
NSP 
Non-
cellulosic 
NSP 
Corn-based diets                 
   Corn-SBM3 77.41a 75.86a 20.32abc 79.03a 75.69b -158.84b -1.32cd 13.86cd 8.12bc 21.77de 32.03bc -113.48d 25.49c 27.59c 34.30b 32.22c 
   Corn-SBM + Xylanase 
A4 
76.54a 74.70a 17.55bc 78.05a 75.14b -132.63b -9.51d 8.65d -3.06c 18.14e 27.28c -119.15d 20.71c 22.23c 28.95b 28.32c 
   Corn-SBM + Xylanase B 77.29a 75.59a 20.90abc 78.82a 76.20b -163.80b -6.98d 9.43d 1.30c 17.92e 31.38c -108.34d 25.13c 27.07c 33.47b 33.16c 
   Corn-SBM-DDGS5 67.66bc 64.68b 19.96abc 68.45b 70.66c -45.19a 7.81abc 22.97bc 13.27ab 29.24cd 27.66c -23.80bc 24.75c 26.31c 29.37b 29.80c 
   Corn-SBM-DDGS + 
Xylanase A 
67.87bc 64.86b 18.30abc 68.66b 69.71c -31.23a 13.33ab 28.15ab 17.88ab 34.30bc 30.95c -32.29c 27.35bc 28.63c 32.39b 31.57c 
   Corn-SBM-DDGS + 
Xylanase B 
68.36b 64.57b 20.39abc 68.71b 71.15c -15.93a 14.53ab 28.53ab 17.85ab 34.35bc 29.40c -17.41bc 26.77bc 27.78c 30.54b 30.58c 
Wheat-based diets                 
   Wheat-SBM 76.34a 75.30a 25.88ab 78.04a 79.91a -25.29a 7.00abc 29.95ab 13.24ab 41.20ab 39.59ab -20.31bc 34.62ab 36.74b 42.10a 42.17b 
   Wheat-SBM + Xylanase 
A 
76.04a 75.44a 27.47a 77.88a 79.43a -27.92a 2.74bcd 31.97ab 8.63abc 46.21a 40.68a -8.09ab 36.71a 38.99ab 43.33a 46.04ab 
   Wheat-SBM + Xylanase 
B 
77.76a 76.34a 23.89ab 79.16a 81.43a -34.47a 9.72abc 34.54a 18.24ab 46.67a 45.02a 7.35a 41.98a 44.68a 48.11a 50.80a 
   Wheat-SBM-wheat 
middlings 
65.93bc 63.22b 13.56c 66.69b 76.11b 0.15a 13.77ab 34.74a 17.46ab 44.15a 40.48a -12.02abc 36.57a 38.44ab 42.74a 43.35b 
   Wheat-SBM-wheat 
middlings + Xylanase A 
65.45c 64.09b 17.65bc 67.12b 76.41b 2.84a 16.57a 37.34a 20.51a 46.67a 40.20a -14.15abc 36.18a 37.91ab 42.30a 41.94b 
   Wheat-SBM-wheat 
middlings + Xylanase B 
65.47c 63.17b 13.76c 66.86b 75.74b 0.36a 12.35ab 35.34a 15.52ab 45.62a 40.02a -14.61abc 35.82a 37.62ab 42.21a 42.67b 
SEM 1.32 1.39 3.31 1.32 1.14 19.27 4.47 3.72 4.46 3.53 3.17 9.31 3.29 3.25 3.13 3.28 
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Table 3.6. (Cont.)                
P-values                 
   Grain source 0.025 0.445 0.662 0.076 <0.001 <0.001 0.005 <0.001 0.010 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
   Fiber concentration <0.001 <0.001 0.005 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.458 <0.001 0.777 0.949 0.268 0.167 
   Grain source × fiber 
concentration 
0.097 0.201 0.005 0.195 0.404 <0.001 0.048 0.004 0.047 0.001 0.846 <0.001 0.216 0.210 0.846 0.312 
   Xylanase 0.584 0.972 0.974 0.776 0.417 0.733 0.867 0.802 0.709 0.553 0.642 0.134 0.467 0.434 0.607 0.335 
   Grain source × xylanase 0.984 0.779 0.324 0.882 0.883 0.705 0.995 0.874 0.878 0.747 0.884 0.551 0.806 0.710 0.799 0.682 
   Fiber concentration  × 
xylanase 
0.786 0.565 0.924 0.674 0.697 0.557 0.245 0.550 0.120 0.774 0.426 0.423 0.408 0.327 0.349 0.318 
   Grain source × fiber 
concentration  × xylanase 
0.645 0.909 0.966 0.870 0.571 0.704 0.398 0.346 0.299 0.296 0.429 0.362 0.340 0.299 0.379 0.288 
1Data are means of 8 observations per treatment. 
2IDF = insoluble dietary fiber; SDF = soluble dietary fiber; TDF = total dietary fiber; NSP = non-starch polysaccharide. 
3SBM = soybean meal. 
4Xylanase A and B were experimental xylanases supplied by Danisco Animal Nutrition-DuPont Industrial Biosciences (Marlborough, UK). 
5DDGS = distillers dried grains with solubles. 
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Table 3.7. Apparent total tract digestibility of energy, nutrients, and dietary fiber of pigs fed corn- and wheat-based diets, %1 
 
 GE DM Ash OM CP ADL ADF NDF Cellulose 
Insoluble 
hemi-
cellulose 
IDF2 SDF2 TDF2 NSP2 
Insoluble 
NSP 
Non-
cellulosic 
NSP 
Corn-based diets                 
   Corn-SBM3 91.78ab 91.95ab 67.91a 93.32ab 90.90bc -69.62fg 57.80ab 60.93bc 65.67a 61.27de 73.67ab 52.34c 72.71ab 74.37bc 75.42b 76.51b 
   Corn-SBM + 
Xylanase A4 
92.02ab 92.15a 65.97ab 93.46a 90.83bc -68.32f 57.93ab 61.75b 66.07a 63.59de 74.20ab 52.98c 73.25ab 74.98b 76.03ab 77.09b 
   Corn-SBM + 
Xylanase B 
92.25a 92.05a 62.13b 93.57a 91.64b -88.89g 57.71ab 59.58bc 66.62a 60.53e 74.03ab 53.51c 73.10ab 74.96b 75.99ab 76.96b 
   Corn-SBM-DDGS5 86.44d 86.43d 63.36ab 87.77d 88.46de 9.65abc 59.53a 61.56b 64.76a 62.45de 66.31efg 67.48b 66.39def 67.67e 67.67f 68.44d 
   Corn-SBM-DDGS +     
Xylanase A 
86.04d 86.29d 62.87b 87.63d 87.58e 25.91a 61.34a 62.78b 65.17a 63.33de 66.69efg 71.74ab 66.97def 67.94e 67.70f 68.65d 
   Corn-SBM-DDGS + 
Xylanase B 
85.69d 85.76d 62.85b 87.09d 87.12e 22.03ab 60.11a 61.86b 63.89a 62.49de 65.12fg 74.71a 65.66ef 66.60e 66.10f 67.33d 
Wheat-based diets                 
   Wheat-SBM 90.53c 90.65c 63.30ab 92.05c 91.68b -13.27de 45.74c 61.03bc 56.96b 68.58bc 71.50bc 75.46a 71.82bc 74.81b 74.77bc 78.85b 
   Wheat-SBM + 
Xylanase A 
90.79bc 90.84bc 62.76b 92.26bc 92.31ab -17.90e 43.51cd 59.85bc 54.97bc 68.04bc 71.21bcd 75.19a 71.51bc 74.63bc 74.62bc 79.01ab 
   Wheat-SBM + 
Xylanase B 
92.13a 91.90ab 65.26ab 93.28ab 93.22a 2.01cd 53.02b 67.59a 62.89a 74.71a 75.74a 76.00a 75.77a 78.39a 78.62a 81.92a 
   Wheat-SBM-wheat 
middlings 
84.29e 83.88e 55.63c 85.67e 88.46de 4.89bc 38.58d 57.06c 47.83d 65.09cd 64.79g 72.48ab 65.35f 68.46de 68.13ef 73.27c 
   Wheat-SBM-wheat 
middlings + Xylanase 
A 
86.25d 85.49d 54.94c 87.38d 89.67cd 14.99abc 43.99c 60.53bc 52.12cd 67.97bc 68.17def 75.89a 68.74cde 71.53cd 71.17de 75.96bc 
   Wheat-SBM-wheat 
middlings + Xylanase 
B 
85.95d 85.51d 57.15c 87.28d 89.17d 12.08abc 43.23cd 61.48b 51.95cd 69.37b 68.91cde 72.62ab 69.21cd 72.22bc 72.14cd 76.92b 
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Table 3.7. (Cont.)                 
SEM 0.48 0.43 2.11 0.39 0.61 6.84 2.00 1.54 1.79 1.50 1.21 3.78 1.24 1.19 1.17 1.18 
P-values                 
   Grain source 0.007 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.857 <0.001 <0.001 0.940 <0.001 0.290 0.001 0.010 <0.001 
   Fiber concentration <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.171 0.296 <0.001 0.237 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
   Grain source × fiber 
concentration 
0.555 0.556 0.006 0.638 0.873 <0.001 0.001 0.013 0.002 0.023 0.079 <0.001 0.299 0.110 0.021 0.002 
   Xylanase 0.584 0.972 0.974 0.776 0.417 0.733 0.867 0.802 0.088 0.069 0.075 0.396 0.081 0.111 0.106 0.157 
   Grain source × 
xylanase 
0.984 0.779 0.324 0.882 0.883 0.705 0.995 0.874 0.079 0.008 0.018 0.537 0.043 0.051 0.022 0.061 
   Fiber concentration  × 
xylanase 
0.786 0.565 0.924 0.674 0.697 0.557 0.245 0.550 0.100 0.756 0.265 0.584 0.292 0.382 0.351 0.589 
   Grain source × fiber 
concentration  × 
xylanase 
0.645 0.909 0.966 0.870 0.571 0.704 0.398 0.346 0.303 0.190 0.491 0.593 0.516 0.535 0.491 0.623 
1Data are means of 8 observations per treatment. 
2IDF = insoluble dietary fiber; SDF = soluble dietary fiber; TDF = total dietary fiber; NSP = non-starch polysaccharide. 
3SBM = soybean meal. 
4Xylanase A and B were experimental xylanases supplied by Danisco Animal Nutrition-DuPont Industrial Biosciences (Marlborough, UK). 
5DDGS = distillers dried grains with solubles. 
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Table 3.8. Concentration of DE and ME of diets 
Diets DE, kcal/kg ME, kcal/kg 
Corn-based diets   
   Corn-SBM 3,627ab 3,491ab 
   Corn-SBM + Xylanase A 3,630a 3,504a 
   Corn-SBM + Xylanase B 3,639a 3,495ab 
   DDGS 3,590abc 3,428abc 
   DDGS + Xylanase A 3,577bc 3,435abc 
   DDGS + Xylanase B 3,561c 3,410c 
Wheat-based diets   
  Wheat-SBM 3,564c 3,410c 
  Wheat-SBM + Xylanase A 3,555c 3,420bc 
  Wheat-SBM + Xylanase B 3,624ab 3,488ab 
  Wheat middlings 3,379e 3,233e 
  Wheat middlings + Xylanase A 3,452d 3,310d 
  Wheat middlings + Xylanase B 3,445d 3,282de 
SEM 20.28 30.10 
P-values   
   Grain source <.001 <.001 
   Fiber concentration <.001 <.001 
   Grain source × fiber concentration <.001 0.004 
   Xylanase 0.117 0.262 
   Grain source × xylanase 0.030 0.185 
98 
 
Table 3.8. (Cont.)   
   Fiber concentration  × xylanase 0.146 0.322 
   Grain source × fiber concentration  × 
xylanase 
0.165 0.504 
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CHAPTER 4: DISAPPEARANCE OF DIETARY FIBER IN THE SMALL INTESTINE, 
LARGE INTESTINE, AND TOTAL TRACT OF GROWING PIGS FED CORN- OR 
WHEAT-BASED DIETS WITHOUT OR WITH MICROBIAL XYLANASE AND THEIR 
CORRELATION WITH BULK DENSITY, WATER-BINDING CAPACITY, AND 
NUTRIENT COMPOSITION OF THE DIETS 
 
ABSTRACT: An experiment was conducted to determine disappearance of energy and dietary 
fiber in the small intestine, large intestine, and total tract of pigs fed diets based on corn, wheat, 
or corn or wheat co-products without or with addition of 2 microbial xylanases (i. e., Xylanase A 
or B; Danisco Animal Nutrition-DuPont Industrial Biosciences, Marlborough, UK). A second 
objective was to determine the correlation between bulk density, water-binding capacity, and 
chemical composition of the diets and disappearance of nutrients and dietary fiber along the 
intestinal tract of pigs. Diets based on corn and soybean meal (SBM) or corn, SBM, and 30% 
distillers dried grains with solubles (DDGS), wheat and SBM or wheat, SBM and 30% wheat 
middlings were formulated without xylanase, with Xylanase A, or with Xylanase for a total of 12 
diets. Diets were randomly allotted to 24 pigs (initial BW:  28.51 ± 1.86 kg) following a 24 × 4 
Youden square design with 12 diets and 4 18-d periods, for a total of 8 replicate pigs per diet. 
Pigs had a T-cannula installed in the duodenum and a second T-cannula was placed in the ileum. 
Results indicated that disappearance of GE in the small intestine was improved (P < 0.05) with 
inclusion of Xylanase B in corn-SBM diets (3,467 vs. 3,081 g/kg DMI). Disappearance of GE 
and TDF from the wheat-SBM-wheat middlings diet in the large intestine was improved (P < 
0.05) if Xylanase B was included (988 vs. 829 and 96 vs. 76 g/kg DMI). Total tract 
disappearance of GE and TDF was improved (P < 0.05) in the wheat-SBM diet if Xylanase A 
was used (4,105 vs. 4,033 kcal/kg and 121 vs. 114 g/kg DMI) and in wheat-SBM-wheat 
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middlings diets if Xylanase A or B was used (3,894 or 3,880 kcal/kg vs. 3,806 and 182 or 184 vs. 
173 g/kg DMI). Bulk density was positively correlated with total tract disappearance of GE and 
with DE and ME (P < 0.05; r = 0.98, 1.0, and 0.99) and negatively correlated with disappearance 
of ADF, NDF, and insoluble hemicellulose in the small intestine (P < 0.05; r = -0.99, -0.97, and -
0.96, respectively). Soluble dietary fiber (SDF) was negatively correlated with concentrations of 
DE and ME (P < 0.05; r = -0.96 and -0.98). Total dietary fiber and NDF in the diet were 
negatively correlated with disappearance of DM in the small intestine (P < 0.05; r = -0.95 and -
0.96) and in the total tract (P < 0.05; r = -0.97 and -0.98). In conclusion, microbial xylanase 
supplementation may improve disappearance of energy in corn-based diets and may improve 
disappearance of energy and dietary fiber in wheat-based diets. Bulk density and SDF of the diet 
are better predictors of DE and ME compared with other physical or chemical characteristics of 
the diet.  
Key words: dietary fiber, pigs, xylanase 
 
INTRODUCTION 
Starch and simple carbohydrates are easily hydrolyzed and absorbed in the small 
intestine, whereas the more complex carbohydrates that are indigestible by animal digestive 
enzymes may be fermented by microorganisms in the hindgut of pigs. The disappearance of 
dietary fiber along the intestinal tract is influenced by the structure and physical characteristics of 
fiber (Bach Knudsen, 2001).  
Microbial xylanases are used to improve efficiency of utilization of feed ingredients, 
including co-products that have high concentrations of arabinoxylans. However, responses to 
microbial xylanases are not consistent. Physical characteristics of ingredients such as water-
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binding capacity and bulk density may influence the digestion of nutrients and fermentation of 
dietary fiber. Greater water-binding capacity may reduce apparent ileal digestibility of starch and 
ME of diets (Canibe and Bach Knudsen, 2002; Serena et al., 2008), and bulk density has a  
negative correlation (P < 0.05) with NDF, indicating less insoluble dietary fiber with greater bulk 
density (Giger-Reverdin, 2000). Therefore, disappearance of energy and dietary fiber in the 
small intestine and large intestine of pigs may be correlated with water-binding capacity and bulk 
density of diets. However, to our knowledge, this hypothesis has not been experimentally 
confirmed. Therefore, an experiment was conducted to test the hypothesis that microbial 
xylanases improve the disappearance of energy and dietary fiber in the small intestine and in the 
hindgut of pigs fed corn- or wheat-based diets. The objective of the experiment was to quantify 
disappearance of nutrients and dietary fiber in the small intestine, large intestine, and total tract 
of pigs fed diets based on corn and soybean meal (SBM), corn, SBM, and distillers dried grains 
with solubles (DDGS), wheat and SBM, or wheat, SBM, and wheat middlings without or with 
microbial xylanase. The second objective was to identify correlations between bulk density, 
water-binding capacity, and nutrient composition of diets and DE, ME, and disappearance of 
nutrients and dietary fiber along the intestinal tract. 
 
MATERIALS AND METHODS 
Details including animals, housing, diets (Table 4.1), experimental design, and chemical 
analyses were provided in Chapter 3. Briefly, twenty-four double cannulated pigs were randomly 
allotted to 12 diets based on corn and SBM, corn, SBM, and 30% DDGS, wheat and SBM, or 
wheat, SBM, and 30% wheat middlings. Each diet was prepared without xylanase, with 
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Xylanase A, or with Xylanase B (16,000 units per kg). Both microbial xylanases were prepared 
by Danisco Animal Nutrition-DuPont Industrial Biosciences, Marlborough, UK. 
Chemical Analyses 
All ingredients, diets, duodenal digesta, ileal digesta, and fecal samples were analyzed for 
DM, ash, ADF, NDF, ADL, soluble dietary fiber (SDF), insoluble dietary fiber (IDF), and CP. 
Diets, duodenal digesta, and ileal digesta samples were analyzed for titanium concentration and 
all ingredients, diets, duodenal digesta, ileal digesta, urines, and feces samples were analyzed for 
GE. All the analyses followed procedures described in Chapter 3. 
All diets and ingredients were also analyzed for water-binding capacity, expressed as 
water retention by the sample after centrifugation (g/g; Robertson et al., 2000; Cervantes-Pahm 
et al., 2014) and bulk density by weighing a sample in a container with a known volume (g/L; 
Cromwell et al., 2000).  
Calculations 
Disappearance of energy and dietary fiber in the small intestine, in the large intestine, and 
in total intestinal tract was calculated using the following equation: 
Nutrient disappearance, small intestine = [nutrient in the diet × (AID – ADD)] × 100 
Nutrient disappearance, large intestine = [nutrient in the diet × (ATTD – AID)] × 100 
Nutrient disappearance, total tract = [nutrient in the diet × ATTD] × 100 
where ADD is apparent duodenal digestibility, AID is apparent ileal digestibility, and 
ATTD is apparent total tract digestibility. 
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The correlation between physical and chemical characteristics of the diets and 
disappearance of nutrients, energy, and dietary fiber in the small intestine, hindgut, and total tract 
of pigs fed experimental diets was also determined.  
Disappearance of nutrients, energy, and dietary fiber were analyzed following a 2 × 2 × 3 
design with 2 types of diets (corn-based or wheat-based), 2 levels of fiber (low or high), and 3 
microbial xylanase treatments (none, Xylanase A, or Xylanase B) using the MIXED procedure 
of SAS (SAS Inst. Inc., Cary, NC) with pig as the experimental unit. The model included diet, 
fiber, xylanase, diet × fiber, diet × xylanase, fiber × xylanase, and diet × fiber × xylanase as fixed 
effects, and pig and period as random effects. Least square means were calculated for each 
independent variable and means were separated using the PDIFF option. Correlation coefficients 
between physical and chemical characteristics of diets and the disappearance of nutrients, 
energy, and dietary fiber and concentration of DE and ME in the diets were determined using the 
CORR procedure (SAS Inst. Inc., Cary, NC), with dietary treatment as the experimental unit. 
The significance among dietary treatments was determined at P ≤ 0.05 for all analyses. 
 
RESULTS 
Ingredient and Diet Analysis 
The analyzed nutrient composition of ingredients and diets was in agreement with 
calculated values (Tables 4.2 and 4.3). The water-binding capacity for corn, DDGS, wheat, 
wheat middlings, and SBM was 1.03, 1.83, 0.74, 2.80, and 2.50 g/g, and the bulk density was 
525.20, 467.70, 542.60, 304.20, and 667.60 g/L, respectively (Table 4.4). The water-binding 
capacity of corn-SBM diets without xylanase, with Xylanase A, and with Xylanase B was 1.25, 
1.35, and 1.37 g/g, and for corn-SBM-DDGS diets without xylanase, with Xylanase A, and with 
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Xylanase B, water-binding capacity was 1.44, 1.42, 1.38 g/g, respectively. The water-binding 
capacity of wheat-SBM diets without xylanase, with Xylanase A, and with Xylanase B was 1.27, 
1.30, and 1.19 g/g, and for wheat-SBM-wheat middlings diets without xylanase, with Xylanase 
A, and with Xylanase B, water-binding capacity was 1.73, 1.70, and 1.52 g/g, respectively. The 
bulk density of corn-SBM diets without xylanase, with Xylanase A, and with Xylanase B was 
575.30, 572.90, and 575.20 g/L, respectively, and 556.00, 546.20, and 541.20 g/L for corn-SBM-
DDGS diets without xylanase, with Xylanase A, and with Xylanase B. The bulk density of 
wheat-SBM diets without xylanase, with Xylanase A, and with Xylanase B was 550.10, 544.30, 
and 564.00 g/L, respectively, and 458.30, 459.10, and 477.40 g/L for wheat-SBM-wheat 
middlings diets without xylanase, with Xylanase A, and with Xylanase B. 
Disappearance of Nutrients and Energy along the Intestinal Tract of Pigs 
Inclusion of Xylanase B improved (P < 0.05) disappearance of GE, DM, and OM in the 
small intestine of pigs fed corn-SBM diets, but that was not the case for corn-SBM-DDGS diets 
(fiber concentration × xylanase interaction, P < 0.05; Table 4.5). Inclusion of Xylanase A 
reduced (P < 0.05) small intestine disappearance of GE, DM, OM, and non-cellulosic non-starch 
polysaccharide (NSP) in wheat-SBM-wheat middlings diets, but no difference was observed in 
wheat-SBM diets (fiber concentration × xylanase interaction, P < 0.05). Small intestine 
disappearance of ash in wheat-SBM diets was greater (P < 0.05) if Xylanase A was added 
instead of Xylanase B, but no difference was observed in wheat-SBM-wheat middlings diets 
(fiber concentration × xylanase interaction, P < 0.05). Inclusion of Xylanase A or B reduced (P < 
0.05) small intestine disappearance of NDF and insoluble hemicellulose in wheat-SBM-wheat 
middlings diets, but no difference was observed in corn-based diets (grain source × xylanase 
interaction, P < 0.05). Small intestine disappearance of CP in corn-SBM-DDGS diets was greater 
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(P < 0.05) than in corn-SBM diets, but no difference was observed among wheat-based diets 
(grain source × fiber concentration interaction, P < 0.05). Small intestine disappearance of ADL 
in wheat-SBM- wheat middlings diets was greater (P < 0.05) than in wheat-SBM diets, but no 
difference was observed among corn-based diets (grain source × fiber concentration interaction, 
P < 0.05). Small intestine disappearance of ADF, cellulose, insoluble dietary fiber (IDF), total 
dietary fiber (TDF), NSP, insoluble NSP, and non-cellulosic NSP in corn-SBM-DDGS and 
wheat-SBM-wheat middlings diets was greater (P < 0.05) than in corn-SBM and wheat-SBM 
diets. Small intestine disappearance of GE, DM, and OM in corn-based diets was greater (P < 
0.05) than in wheat-based diets.  
Inclusion of Xylanase A or B improved (P < 0.05) hindgut disappearance of ADL in 
wheat-SBM-wheat middlings diets, but no difference was observed in corn-based diets (grain 
source × xylanase interaction, P < 0.05; Table 4.6). Hindgut disappearance of SDF and non-
cellulosic NSP in wheat-SBM-wheat middlings diets was greater (P < 0.05) than in wheat-SBM 
diets, but no difference was observed among corn-based diets (grain source × fiber concentration 
interaction, P < 0.05). Inclusion of Xylanase B improved (P < 0.05) hindgut disappearance of 
GE, OM, ADL, ADF, NDF, cellulose, IDF, TDF, NSP, insoluble NSP, and non-cellulosic NSP 
in wheat-SBM-wheat middlings diets. Hindgut disappearance of energy, nutrients, and all dietary 
fiber components was greater (P < 0.05) in diets containing DDGS or wheat middlings than in 
corn-SBM or wheat-SBM diets. Hindgut disappearance of CP, ADF, NDF, and cellulose in corn-
based diets was greater (P < 0.05) than in wheat-based diets. 
Inclusion of Xylanase A or B improved (P < 0.05) total tract disappearance of GE, DM, 
OM, NDF, IDF, TDF, NSP, insoluble NSP, and non-cellulosic NSP in wheat-based diets, but no 
difference was observed in corn-based diets (grain source × xylanase interaction, P < 0.05; Table 
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4.7). Inclusion of Xylanase A or B improved (P < 0.05) the disappearance of ADL in wheat-
SBM-wheat middlings diets, but no difference was observed in the wheat-SBM diet (fiber 
concentration × xylanase interaction, P < 0.05). Total tract disappearance of GE in wheat-SBM 
diets was greater (P < 0.05) than in wheat-SBM-wheat middlings diets, but no difference was 
observed between corn-SBM and corn-SBM-DDGS diets (grain source × fiber concentration 
interaction, P < 0.05). The improvement in total tract disappearance of ash, CP, ADF, NDF, 
cellulose, and insoluble hemicellulose was greater (P < 0.05) if DDGS was added to corn-SBM 
diets compared with wheat middlings being added to wheat-SBM diets (grain source × fiber 
concentration interaction, P < 0.05). However, total tract disappearance of IDF, SDF, TDF, NSP, 
insoluble NSP, and non-cellulosic NSP was greater (P < 0.05) if wheat middlings was mixed 
with wheat and SBM than if DDGS was mixed with corn and SBM (grain source × fiber 
concentration interaction, P < 0.05). Inclusion of Xylanase B improved (P < 0.05) total tract 
disappearance of ADF and insoluble hemicellulose in wheat-SBM diets, and Xylanase A or B 
improved (P < 0.05) disappearance of ADF and insoluble hemicellulose in wheat-SBM-wheat 
middlings diets. 
Correlation of the Physical Characteristics of Diets and the DE, ME, and Disappearance of 
Nutrients in the Intestinal Tract of Growing Pigs  
 There was a negative correlation (P < 0.05) between bulk density and disappearance of 
NDF, ADF, and insoluble hemicellulose in the small intestine of pigs (Table 4.8). There was also 
a negative correlation (P < 0.05) between water-binding capacity of diets and small intestine 
disappearance of OM and a positive correlation (P < 0.05) between water-binding capacity of 
diets and small intestine disappearance of NDF, cellulose, insoluble hemicellulose, IDF, and 
insoluble NSP. The concentration of IDF, TDF, and ADF in the diet had a negative correlation 
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(P < 0.05) with small intestine disappearance of OM and NDF, and a positive correlation (P < 
0.05) with small intestine disappearance of NDF, cellulose, insoluble hemicellulose, IDF, TDF, 
NSP, insoluble NSP, and non-cellulosic NSP. The concentration of SDF in the diet had a positive 
correlation (P < 0.05) with small intestine disappearance of NDF, ADF, cellulose, insoluble 
hemicellulose, and IDF. The concentration of NDF and insoluble hemicellulose in the diet had a 
negative correlation (P < 0.05) with small intestine disappearance of OM and NDF. There was a 
positive correlation (P < 0.05) between NDF in the diet and small intestine disappearance of 
cellulose, IDF, NSP, and non-cellulosic NSP, and a positive correlation (P < 0.05) between 
insoluble hemicellulose in the diet and small intestine disappearance of cellulose, IDF, TDF, 
NSP, insoluble NSP, and non-cellulosic NSP. There was a negative correlation (P < 0.05) 
between bulk density of the diet and hindgut disappearance of SDF and a positive correlation (P 
< 0.05) between concentration of SDF in the diet and hindgut disappearance of SDF (Table 4.9). 
The IDF, TDF, NDF, insoluble hemicellulose, and ADF in the diet had a positive correlation (P 
< 0.05) with hindgut disappearance of non-cellulosic NSP. 
 There was a positive correlation (P < 0.05) between bulk density of the diet and total tract 
disappearance of GE in pigs and a negative correlation (P < 0.05) between bulk density and non-
cellulosic NSP (Table 4.10). There was a positive correlation (P < 0.05) between water-binding 
capacity of the diet and total tract disappearance of insoluble hemicellulose, IDF, TDF, NSP, 
insoluble NSP, and non-cellulosic NSP. The concentration of IDF, TDF, NDF, and ADF in the 
diet had a negative correlation (P < 0.05) with total tract disappearance of DM and OM, and a 
positive correlation (P < 0.05) with total tract disappearance of ADL, cellulose, insoluble 
hemicellulose, IDF, TDF, NSP, insoluble NSP, and non-cellulosic NSP. There was a positive 
correlation (P < 0.05) with SDF and total tract disappearance of SDF, TDF, NSP, and non-
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cellulosic NSP. There was a negative correlation (P < 0.05) between insoluble hemicellulose in 
the diet and total tract disappearance of DM and OM, and a positive correlation (P < 0.05) with 
NDF, ADL, insoluble hemicellulose, IDF, TDF, NSP, and insoluble NSP. There was a positive 
correlation (P < 0.05) between bulk density and concentration of DE and ME in the diet, and a 
negative correlation (P < 0.05) between SDF in the diet and concentration of DE and ME in the 
diet. 
 
DISCUSSION 
The observed increase in water-binding capacity of corn- and wheat-based diets with 
addition of DDGS and wheat middlings to the diets may be due to the greater dietary fiber 
concentration in DDGS and wheat middlings than in corn and wheat (Auffret et al., 1994; 
Robertson et al., 2000; Shelton and Lee, 2000 Jaworksi, 2016). The observed reduction in bulk 
density of corn- and wheat-based diets with addition of DDGS or wheat middlings to the diets 
may be due to increased IDF from these co-products (Giger-Reverdin, 2000). Bulk density may 
be increased or may not be influenced by SDF (Kyriazakis and Emmans, 1995; Jaworski, 2016). 
 The observed greater disappearance of GE, DM, and OM in the small intestine of pigs 
from corn-SBM and wheat-SBM diets compared with diets containing DDGS or wheat 
middlings may be due to the greater concentration of dietary fiber in DDGS and wheat middlings 
that impaired the degradation of these nutrients (Grieshop et al., 2001; Souffrant, 2001; Urriola 
and Stein, 2010). These results are in agreement with previous data (Gutierrez et al., 2016; 
Jaworski and Stein, 2017). The observed greater disappearance of most dietary fiber fractions in 
the small intestine from the diets containing DDGS compared with corn-SBM diets is likely due 
to greater concentration of dietary fiber in DDGS. The lack of a difference in the disappearance 
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of most dietary fiber components from the wheat-SBM diets and diets containing wheat 
middlings indicates that the degradation of dietary fiber in wheat is not affected by dietary fiber 
concentration. 
 The observed greater disappearance of GE, DM, OM, CP, and dietary fiber components 
in the hindgut of pigs from diets containing DDGS or wheat middlings compared with corn-SBM 
and wheat-SBM diets may be due to greater concentration of these nutrients in the DDGS and 
wheat middlings diets that escaped small intestine degradation, as has been previously 
demonstrated (Jaworski and Stein, 2017). 
 The greater total tract disappearance of GE, DM, and OM from wheat-SBM diets 
compared with diets with wheat middlings and greater total tract disappearance of GE, DM, and 
OM from corn-SBM diets than from diets containing DDGS is likely due to less interference 
from dietary fiber with the degradation of the GE, DM, and OM in wheat-SBM diets than in 
wheat-SBM-wheat middlings diets (Jørgensen, 1996; Le Gall, 2009; de Vries, 2014). The lack of 
differences in total tract disappearance of GE between corn-SBM and corn-SBM-DDGS diets 
indicates that inclusion of DDGS did not influence the disappearance of energy in the diet. The 
greater total tract disappearance of dietary fiber from diets containing DDGS and wheat 
middlings compared with corn-SBM or wheat-SBM diets is due to the greater concentration of 
dietary fiber in DDGS and wheat middlings than in corn and SBM (NRC, 2012). The greater 
total tract disappearance of GE, DM, and OM in wheat-SBM and wheat-SBM-wheat middlings 
diets with xylanase supplementation compared with wheat-SBM and wheat-SBM-wheat 
middlings diets without xylanase may be due to improved total tract disappearance of dietary 
fiber by microbial xylanase. The observation that xylanase supplementation did not improve the 
total tract disappearance of energy and dietary fiber in corn-SBM and corn-SBM-DDGS diets 
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indicates that the structure of dietary fiber in corn may be more rigid than in wheat and therefore 
able to resist microbial enzymes (Jaworski and Stein, 2017). The observed disappearance of 
ADL may not necessarily mean fermentation of ADL, but is likely due to hydrolysis of lignin 
into smaller compounds that were not analyzed as lignin. 
The positive correlation between bulk density and ME of diets may be due to a reduced 
maintenance energy requirement of pigs and reduced weight of the gastrointestinal tract of pigs 
fed diets with greater bulk density compared with diets with a lower bulk density (Kyriazakis 
and Emmans, 2007; Jaworski, 2016). The observed negative correlation between water-binding 
capacity of diets and disappearance of OM in the small intestine may be due to increased SDF 
with inclusion of DDGS or wheat middlings in corn- or wheat-based diets (Canibe and Bach 
Knudsen, 2002; Serena et al., 2008). The positive correlation between water-binding capacity of 
diets and disappearance of insoluble hemicellulose and IDF in the small intestine is in agreement 
with data indicating that arabinose and xylose concentrations are positively correlated with 
water-binding capacity (Holloway and Greig, 1984). The negative correlation between IDF, 
TDF, NDF, insoluble hemicellulose, and ADF and the disappearance of DM and OM in the 
small intestine and in the total tract of pigs indicates that greater concentrations of these dietary 
components impair disappearance of nutrients along the intestinal tract of pigs. The positive 
correlation between IDF, TDF, NDF, insoluble hemicellulose, and ADF concentration in diets 
and the small intestine and total tract disappearance of dietary fiber in pigs indicates that the 
concentration of dietary fiber in the diet does not influence the disappearance of dietary fiber 
itself.  
In conclusion, disappearance of energy in corn- and wheat-based diets occurs mainly in 
the small intestine and disappearance of dietary fiber occurs mainly in the large intestine of pigs. 
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Disappearance of energy in corn-based diets may be improved if microbial xylanase is 
supplemented, and disappearance of both energy and dietary fiber may be improved if microbial 
xylanase is supplemented to wheat-based diets. Bulk density and SDF of the diet are better 
predictors of DE and ME in the diet compared with other physical or chemical characteristics of 
the diet, such as water-binding capacity or IDF.   
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TABLES 
Table 4.1. Ingredient composition and calculated chemical composition of experimental diets 
Item 
Corn-
SBM1 
Corn-
SBM- 
DDGS1 
Wheat-
SBM 
Wheat-SBM-wheat 
middlings 
Ingredient, % 
    
  Corn 71.40 47.55 - - 
  DDGS - 30.00 - - 
  Wheat - - 73.75 44.88 
  Wheat middlings - - - 30.00 
  Soybean meal, 48% CP 24.00 18.00 22.00 21.00 
  Soybean oil 1.00 1.00 1.00 1.00 
  Limestone 1.17 1.44 1.40 1.45 
  Dicalcium phosphate 0.56 0.18 0.14 - 
  L- Lys HCl, 78% Lys 0.28 0.33 0.21 0.17 
  DL-Met 0.03 - - - 
  L-Thr 0.06 - - - 
  Vitamin-mineral premix2 0.30 0.30 0.30 0.30 
  Sodium chloride 0.30 0.30 0.30 0.30 
  Titanium dioxide 0.40 0.40 0.40 0.40 
  Phytase premix3, 4 0.50 0.50 0.50 0.50 
Calculated values5 
    
  NE, kcal/kg 2,476 2,416 2,348 2,247 
  CP, % 17.38 20.76 21.24 21.31 
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Table 4.1. (Cont.)     
  Ca, % 0.66 0.66 0.66 0.66 
  Standardized total tract 
digestible P, % 0.31 0.31 0.31 0.40 
Amino acids6, % 
    
  Arg 1.01 1.04 1.12 1.23 
  His 0.42 0.48 0.47 0.49 
  Ile 0.62 0.69 0.73 0.71 
  Leu 1.36 2.08 1.30 1.28 
  Lys 0.98 0.98 0.98 0.98 
  Met 0.28 0.32 0.27 0.27 
  Met + Cys 0.56 0.61 0.62 0.61 
  Phe 0.74 0.87 0.89 0.86 
  Thr 0.59 0.60 0.60 0.60 
  Trp 0.18 0.17 0.24 0.24 
  Val 0.69 0.81 0.80 0.81 
1 SBM = soybean meal; DDGS = distillers dried grains with solubles. 
2Provided the following quantities of vitamins and micro-minerals per kilogram of complete diet: 
Vitamin A as retinyl acetate, 11,136 IU; vitamin D3 as cholecalciferol, 2,208 IU; vitamin E as DL-
alpha tocopheryl acetate, 66 IU; vitamin K as menadione dimethylprimidinol bisulfite, 1.42 mg; 
thiamin as thiamine mononitrate, 0.24 mg; riboflavin, 6.59 mg;  pyridoxine as pyridoxine 
hydrochloride,0.24 mg; vitamin B12, 0.03 mg; D-pantothenic acid as D-calcium  
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Table 4.1. (Cont.) 
pantothenate, 23.5 mg; niacin, 44.1 mg; folic acid, 1.59 mg; biotin, 0.44 mg; Cu, 20 mg as 
copper  
sulfate and copper chloride; Fe, 126 mg as ferrous sulfate; I, 1.26 mg as ethylenediamine 
dihydriodide; Mn, 60.2 mg as manganese sulfate; Se, 0.3 mg as sodium selenite and selenium 
yeast; and Zn, 125.1 mg as zinc sulfate. 
3The phytase premix contained 200,000 units of microbial phytase (Axtra® PHY; 
Danisco Animal Nutrition-DuPont Industrial Biosciences, Waukesha, WI) per kg, which resulted 
in addition of 1,000 units per kg of microbial phytase in the complete diet.  
4Four additional diets that were identical to the diets above were formulated by including 
Xylanase A in the phytase premix and another 4 diets were formulated by including Xylanase B 
in the phytase premix. Each of the 2 xylanases were included in the premixes in quantities that 
provided 16,000 units of xylanase in the final diet. Both Xylanase A and B were experimental 
xylanases produced by Danisco Animal Nutrition-DuPont Industrial Biosciences (Marlborough, 
UK). 
5Calculated from NRC, 2012. 
6Amino acids are indicated as standardized ileal digestible AA. 
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Table 4.2. Chemical composition of ingredients  
Item Corn Corn-DDGS1 Wheat 
Wheat 
middlings 
SBM1 
GE, kcal/kg 3,906 4,755 3,898 4,162 4,282 
DM, % 87.08 85.40 87.47 89.58 89.24 
CP (N × 6.25), % 7.29 27.71 11.32 16.61 47.56 
AEE2, % 3.44 9.90 2.47 5.25 3.45 
Ash, % 1.10 4.41 1.48 4.77 6.17 
OM3, % 85.98 80.99 85.99 84.81 83.07 
Ca, % ND 0.03 0.04 0.08 0.51 
P, % 0.26 0.81 0.33 0.98 0.57 
ADL, % 0.10 1.33 0.70 2.83 0.37 
ADF, % 1.89 10.29 2.94 10.96 3.64 
NDF, % 7.07 35.18 10.17 37.81 6.61 
Cellulose3, % 1.79 8.96 2.24 8.13 3.27 
Insoluble insoluble 
hemicellulose3, % 
5.18 24.89 7.23 26.85 2.97 
Insoluble dietary fiber, % 10.10 31.10 11.70 37.60 16.70 
Soluble dietary fiber, % 0.30 1.50 1.20 1.50 1.90 
Total dietary fiber3, % 10.40 32.60 12.90 39.10 18.60 
Non-starch polysaccharides3, % 10.30 31.27 12.20 36.27 18.23 
Insoluble non-starch 
polysaccharides3, % 
10.00 29.77 11.00 34.77 16.33 
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Table 4.2. (Cont.)      
Non-cellulosic non-starch 
polysaccharides3, % 
8.51 22.31 9.96 28.14 14.96 
Indispensable AA, %      
  Arg 0.32 1.23 0.52 1.07 3.49 
  His 0.20 0.74 0.25 0.43 1.24 
  Ile 0.25 1.11 0.39 0.52 2.27 
  Leu 0.81 3.18 0.72 0.99 3.72 
  Lys 0.25 0.86 0.37 0.68 2.97 
  Met 0.15 0.52 0.17 0.24 0.66 
  Phe 0.33 1.25 0.47 0.63 2.42 
  Thr 0.24 1.05 0.31 0.51 1.84 
  Trp 0.06 0.21 0.13 0.20 0.68 
  Val 0.34 1.46 0.48 0.78 2.39 
Dispensable AA, %      
  Ala 0.50 1.88 0.42 0.76 2.04 
  Asp 0.46 1.74 0.59 1.10 5.36 
  Cys 0.15 0.50 0.23 0.32 0.63 
  Glu 1.22 3.55 2.74 2.90 8.49 
  Gly 0.28 1.10 0.46 0.84 2.01 
  Pro 0.58 1.98 0.91 0.96 2.27 
  Ser 0.31 1.21 0.44 0.59 2.10 
  Tyr 0.19 0.94 0.23 0.40 1.72 
124 
 
1DDGS = distillers dried grains and solubles; SBM = soybean meal. 
2AEE = acid hydrolyzed ether extract. 
3Calculated values: OM = DM – ash; Cellulose = ADF – ADL; Insoluble insoluble 
hemicellulose = NDF – ADF; Total dietary fiber = insoluble dietary fiber + soluble dietary fiber; 
Non-starch polysaccharides = non-starch polysaccharides – ADL; Insoluble non-starch 
polysaccharides = non-starch polysaccharides – ADL; Non-cellulosic non-starch polysaccharide = 
non-starch polysaccharide – cellulose.
Table 4.2. (Cont.)      
Total AA, % 6.67 24.78 9.88 13.98 46.45 
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Table 4.3. Analyzed composition of diets 
Item Corn-based diets  Wheat-based diets 
 Corn-SBM1  Corn-SBM-DDGS2  Wheat-SBM  
Wheat-SBM-wheat 
middlings 
Xylanase: - A3 B  - A3 B  - A3 B  - A3 B 
GE, kcal/kg 3,956 3,949 3,937  4,175 4,136 4,157  3,949 3,934 3,9201  4,024 3,999 3,989 
DM, % 88.37 88.07 88.16  87.70 87.34 87.40  88.22 88.31 88.41  88.95 88.57 88.53 
CP (N × 6.25), % 16.72 16.33 16.26  20.06 20.12 19.55  19.04 19.55 19.93  21.28 21.54 21.21 
AEE4, % 1.99 1.81 1.65  2.89 3.12 3.57  2.67 2.85 2.51  3.41 3.67 2.89 
Ash, % 4.24 4.29 4.24  4.75 4.91 4.84  4.27 4.30 4.39  5.18 5.29 5.19 
OM5, % 84.13 83.78 83.92  82.95 82.43 82.56  83.95 84.01 84.02  83.77 83.28 83.34 
Ca, % 0.71 0.90 0.71  0.82 0.76 0.85  0.67 0.70 0.72  0.70 0.77 0.93 
P, % 0.45 0.49 0.46  0.52 0.54 0.52  0.45 0.43 0.41  0.63 0.62 0.62 
ADL, % 0.13 0.10 0.10  0.38 0.37 0.46  0.50 0.49 0.45  1.15 1.16 1.14 
ADF, % 2.20 2.29 2.20  4.22 4.22 4.44  3.05 2.95 2.95  5.40 5.28 5.31 
NDF, % 6.48 6.59 6.60  14.43 14.50 14.89  9.58 9.19 8.65  17.72 17.38 16.69 
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Table 4.3. (Cont.)                
Cellulose5, % 2.07 2.19 2.10  3.84 3.85 3.98  2.55 2.46 2.50  4.25 4.12 4.17 
Insoluble insoluble 
hemicellulose5, % 
4.28 4.30 4.40  10.21 10.28 10.45  6.53 6.24 5.70  12.32 12.10 11.38 
Insoluble dietary fiber, % 10.50 10.80 10.60  17.40 17.70 17.00  12.90 12.80 12.90  21.90 21.30 21.90 
Soluble dietary fiber, % 0.60 0.50 0.40  1.00 1.10 1.00  1.00 1.30 1.20  1.60 1.90 1.80 
Total dietary fiber5, % 11.10 11.30 11.00  18.40 18.80 18.00  13.90 14.10 14.10  23.50 23.20 24.70 
Non-starch 
polysaccharides5, % 
10.97 11.20 10.90  18.02 18.43 17.54  13.40 13.61 13.65  22.35 22.04 23.56 
Insoluble non-starch 
polysachharides5, % 
10.37 10.70 10.50  17.02 17.33 16.54  12.40 12.31 12.45  20.75 20.14 20.76 
Non-cellulosic non-starch 
polysaccharides5, % 
8.90 9.01 8.80  14.18 14.58 13.56  10.85 11.15 11.15  18.10 17.92 19.39 
Indispensable AA, %                
  Arg 1.09 1.01 1.01  1.10 1.14 1.10  1.17 1.26 1.23  1.32 1.29 1.34 
  His 0.45 0.43 0.43  0.52 0.54 0.53  0.48 0.49 0.48  0.51 0.51 0.52 
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Table 4.3. (Cont.)                
  Ile 0.76 0.71 0.71  0.83 0.87 0.84  0.82 0.85 0.83  0.84 0.82 0.85 
  Leu 1.51 1.45 1.46  1.97 2.03 2.02  1.41 1.46 1.43  1.45 1.42 1.47 
  Lys 1.11 1.07 1.04  1.16 1.23 1.16  1.12 1.17 1.19  1.13 1.16 1.19 
  Met 0.29 0.29 0.27  0.33 0.35 0.34  0.30 0.31 0.30  0.30 0.31 0.31 
  Phe 0.84 0.80 0.80  0.94 0.97 0.96  0.91 0.95 0.92  0.93 0.91 0.95 
  Thr 0.66 0.64 0.66  0.74 0.77 0.75  0.67 0.71 0.69  0.69 0.69 0.71 
  Trp 0.22 0.20 0.21  0.22 0.24 0.21  0.22 0.23 0.23  0.24 0.23 0.25 
  Val 0.86 0.81 0.80  0.99 1.02 0.99  0.91 0.94 0.93  0.97 0.96 0.99 
Dispensable AA, %                
  Ala 0.86 0.83 0.83  1.15 1.18 1.16  0.78 0.81 0.79  0.85 0.85 0.88 
  Asp 1.68 1.56 1.56  1.68 1.74 1.70  1.69 1.80 1.74  1.77 1.75 1.83 
  Cys 0.27 0.25 0.24  0.33 0.34 0.33  0.30 0.32 0.32  0.32 0.33 0.35 
  Glu 3.02 2.85 2.85  3.19 3.31 3.30  3.90 4.07 4.01  3.88 3.90 3.99 
  Gly 0.70 0.67 0.66  0.80 0.82 0.79  0.79 0.83 0.82  0.86 0.89 0.91 
  Pro 0.96 0.94 0.96  1.28 1.30 1.29  1.19 1.22 1.22  1.15 1.19 1.21 
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1SBM = soybean meal 
2DDGS = distillers dried grains with solubles 
3Xylanase A and B were experimental xylanases supplied by Danisco Animal Nutrition-DuPont Industrial Biosciences 
(Marlborough, UK). 
4AEE = acid hydrolyzed ether extract. 
5Calculated values: OM = DM – ash; Cellulose = ADF – ADL; Insoluble insoluble hemicellulose = NDF – ADF; Total dietary 
fiber = insoluble dietary fiber + soluble dietary fiber; Non-starch polysaccharides = non-starch polysaccharides – ADL; Insoluble non-
starch polysaccharides = non-starch polysaccharides – ADL; Non-cellulosic non-starch polysaccharide = non-starch polysaccharide – 
cellulose.
Table 4.3. (Cont.)                
  Ser 0.72 0.69 0.68  0.84 0.87 0.86  0.79 0.84 0.81  0.80 0.81 0.83 
  Tyr 0.55 0.52 0.52  0.64 0.66 0.66  0.53 0.59 0.59  0.58 0.57 0.59 
Total AA, % 16.62 15.78 15.75  18.78 19.45 19.05  18.05 18.90 18.59  18.65 18.65 19.23 
Xylanase, units per kg - 14,856 24,875  - 13,391 25,943  - 20,420 42,556  - 19,105 40,248 
Phytase, units per kg 636 711 828  677 722 654  983 859 1,052  1,549 1,376 1,410 
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Table 4.4. Water-binding capacity and bulk density of diets and ingredients  
Item 
Water-binding capacity, 
g/g 
Bulk density, g/L 
Ingredients   
   Corn 1.03 525.2 
   DDGS1 1.83 467.7 
   Wheat 0.74 542.6 
   Wheat middlings 2.80 304.2 
   Soybean meal 2.50 667.6 
Corn-based diets   
   Corn-SBM 1.25 575.3 
   Corn-SBM + Xylanase A 1.35 572.9 
   Corn-SBM + Xylanase B 1.37 575.2 
   Corn-SBM-DDGS 1.44 556.0 
   Corn-SBM-DDGS + Xylanase A 1.42 546.2 
   Corn-SBM-DDGS + Xylanase B 1.38 541.2 
Wheat-based diets   
   Wheat-SBM 1.27 550.1 
   Wheat-SBM + Xylanase A 1.30 544.3 
Wheat-SBM + Xylanase B 1.19 564.0 
   Wheat-SBM-wheat middlings 1.73 458.3 
Wheat-SBM-wheat middlings + 
Xylanase A 
1.70 459.1 
   Wheat-SBM-wheat middlings + 
Xylanase B 
1.52 477.4 
1DDGS = distillers dried grains with solubles 
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Table 4.5. Disappearance of nutrients, energy, and dietary fiber in the small intestine of pigs, g or kcal/kg DMI1 
 
 GE DM Ash OM CP ADL ADF NDF Cellulose 
Insoluble 
hemi-
cellulose 
IDF2 SDF2 TDF2 NSP2 
Insoluble 
NSP 
Non-
cellulosic 
NSP 
Corn-based diets                 
   Corn-SBM3 3081cde 642.6bc 22.8d 659.6bc 129.2e -1.7cd -1.7d 5.8d 0.0ef 7.5d 22.8d -7.5bcd 15.2e 17.0d 24.6f 17.0d 
   Corn-SBM + 
Xylanase A4 
3283abc 679.1ab 30.4bcd 696.9ab 134.5de -1.3cd -1.7d 5.3d -0.5f 7.0d 24.1d -6.2abcd 17.9de 19.2d 25.3f 19.7d 
   Corn-SBM + 
Xylanase B 
3467a 709.6a 28.1cd 734.4a 142.8cd -1.6cd -1.0d 6.8d 0.6def 7.9d 28.4cd -4.0ab 24.5cde 26.1cd 30.0def 25.6bcd 
   Corn-SBM-DDGS5 3071cde 592.6cde 30.0bcd 607.1cde 156.3b -2.9d 2.6bcd 25.3bc 5.5abcde 22.6bc 47.7b -1.3a 46.6ab 49.5ab 50.6ab 43.9a 
   Corn-SBM-DDGS +     
Xylanase A 
2975de 559.5e 27.2cd 578.2e 154.5bc -2.0cd 5.3bcd 28.8bc 7.3ab 23.5bc 46.3bc -4.9abc 41.4abc 43.4abc 48.3bc 36.1abc 
   Corn-SBM-DDGS + 
Xylanase B 
3091bcde 584.8cde 32.9bc 601.0de 161.2ab -1.5cd 4.9bcd 28.7bc 6.4abc 23.8bc 45.3bc -3.1ab 42.2abc 43.7abc 46.8bcd 37.2ab 
Wheat-based diets                 
   Wheat-SBM 3096bcde 643.9bc 37.8ab 652.6bcd 164.4ab -0.7bc 2.9bcd 20.4cd 3.6bcdef 17.4cd 35.4bcd -9.0cd 26.4cde 27.0cd 36.1bcdef 23.5bcd 
   Wheat-SBM + 
Xylanase A 
3315ab 683.6ab 42.7a 696.5ab 170.1a -0.5bc 0.9cd 17.0cd 1.3cdef 16.1cd 30.5bcd -6.5bcd 24.0cde 24.4d 31.0cdef 23.1bcd 
   Wheat-SBM + 
Xylanase B 
3181bcd 634.8bcd 30.4bcd 662.1bc 163.2ab -1.9cd -1.5d 5.4d 0.4ef 7.0d 24.8d -4.6abc 20.1de 22.0d 26.7ef 21.6cd 
   Wheat-SBM-wheat 
middlings 
2896e 575.5de 38.4ab 574.0e 163.6ab 2.2a 12.8a 56.8a 10.6a 44.0a 68.0a -7.2bcd 60.7a 58.5a 65.7a 47.9a 
   Wheat-SBM-wheat 
middlings + Xylanase 
A 
2582f 497.6f 33.1bc 504.9f 157.2ab 1.0ab 8.0ab 38.1b 7.0abc 30.1b 44.6bc -9.3cd 35.3bcd 34.3bcd 43.7bcde 27.3bcd 
   Wheat-SBM-wheat 
middlings + Xylanase 
B 
2909e 570.2e 37.2ab 588.0e 160.6ab 0.9ab 7.1abc 27.2bc 6.2abcd 20.1bc 39.3bcd -10.7d 28.7bcde 27.8cd 38.4bcdef 21.6cd 
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Table 4.5. (Cont.)                 
SEM 82.16 24.57 3.35 21.43 5.14 0.75 2.51 6.30 2.04 4.13 6.82 2.20 7.51 7.29 6.56 5.89 
P-values                 
   Grain source 0.001 0.033 <.001 0.005 <.001 <.001 0.015 0.003 0.167 0.002 0.215 0.002 0.760 0.837 0.455 0.421 
   Fiber concentration <.001 <.001 0.548 <.001 0.004 0.044 <.001 <.001 <.001 <.001 <.001 0.833 <.001 <.001 <.001 <.001 
   Grain source × fiber 
concentration 
0.075 0.741 0.319 0.562 <.001 0.001 0.345 0.492 0.921 0.636 0.895 0.014 0.449 0.242 0.580 0.144 
   Xylanase 0.049 0.428 0.847 0.116 0.530 0.781 0.596 0.074 0.544 0.013 0.123 0.659 0.176 0.158 0.106 0.122 
   Grain source × 
xylanase 
0.399 0.481 0.168 0.701 0.206 0.151 0.171 0.022 0.262 0.006 0.066 0.774 0.093 0.119 0.086 0.125 
   Fiber concentration  × 
xylanase 
0.003 0.012 0.018 0.008 0.373 0.573 0.999 0.733 0.947 0.444 0.320 0.028 0.114 0.089 0.272 0.021 
   Grain source × fiber 
concentration  × 
xylanase 
0.077 0.118 0.551 0.063 0.668 0.655 0.749 0.474 0.825 0.323 0.683 0.814 0.712 0.751 0.722 0.753 
1Data are means of 8 observations per treatment. 
2IDF = insoluble dietary fiber; SDF = soluble dietary fiber; TDF = total dietary fiber; NSP = non-starch polysaccharides. 
3SBM = soybean meal. 
4Xylanase A and B were experimental xylanases supplied by Danisco Animal Nutrition-DuPont Industrial Biosciences (Marlborough, UK). 
5DDGS = distillers dried grains with solubles. 
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Table 4.6. Disappearance of nutrients, energy, and dietary fiber in the hindgut of pigs, g or kcal/kg DMI1 
 GE DM Ash OM CP ADL ADF NDF Cellulose 
Insoluble 
hemi-
cellulose 
IDF2 SDF2 TDF2 NSP2 
Insoluble 
NSP 
Non-
cellulosic 
NSP 
Corn-based diets                 
   Corn-SBM3 656d 144.0d 21.7bcd 138.0d 28.1de 1.1bcd 15.0d 33.2cd 13.8cd 18.2d 50.5de 9.4cd 59.8d 58.5de 49.2cde 44.4e 
   Corn-SBM + Xylanase 
A4 
689cd 153.0cd 23.5abc 145.8cd 29.7cde 0.5cd 17.2bcd 39.1cd 16.7abc 22.0cd 56.7cde 9.9cd 66.5cd 66.1cd 56.3bcd 49.5de 
   Corn-SBM + Xylanase 
B 
664d 144.7d 20.0bcd 139.5d 28.5de 0.6cd 16.5cd 37.4cd 15.8bcd 20.7cd 51.5de 8.8d 60.3d 59.5de 50.6cde 43.7e 
   Corn-SBM-DDGS5 849ab 183.7ab 24.0abc 175.3b 39.3ab 2.6ab 23.5a 59.4a 21.0a 35.7ab 70.7abc 10.4bcd 81.3abc 78.6bc 67.9ab 57.7cd 
   Corn-SBM-DDGS +     
Xylanase A 
827bc 180.5bc 24.6ab 171.8bc 41.3a 2.7ab 23.7a 58.0a 21.0a 34.4ab 70.9ab 12.3b 83.5ab 81.0ab 68.3ab 60.0bcd 
   Corn-SBM-DDGS + 
Xylanase B 
821bc 184.4ab 23.5abc 172.7b 36.5abc 1.7abc 22.3ab 54.9ab 20.6a 33.0ab 70.4ab 11.1bcd 81.4abc 79.8abc 68.7ab 59.4bcd 
Wheat-based diets                 
   Wheat-SBM 627d 134.5d 18.3cd 131.5d 26.1e 0.6cd 12.7d 31.4cd 12.1d 18.9d 45.9e 12.6b 58.5d 58.0de 45.4de 45.6e 
   Wheat-SBM + 
Xylanase A 
697cd 143.1d 17.1d 144.5cd 29.9cde 0.5cd 13.6d 30.0d 13.1cd 16.6d 45.7e 11.4bc 57.0d 56.7de 45.3de 43.6e 
   Wheat-SBM + 
Xylanase B 
636d 136.2d 20.1bcd 132.8d 26.3de 1.9abc 14.4d 33.4cd 12.5cd 19.2d 44.3e 9.2cd 53.4d 51.7e 42.6e 39.0e 
   Wheat-SBM-wheat 
middlings 
829bc 184.8ab 24.8ab 170.3bc 30.1cde -0.4d 15.2d 43.0bcd 14.6cd 27.7bc 59.7bcd 16.8a 76.3bc 75.7bc 59.1bc 61.1bc 
   Wheat-SBM-wheat 
middlings + Xylanase 
A 
879ab 189.2ab 22.2abcd 179.0ab 31.3bcde 1.6abc 16.3d 44.7bc 14.7cd 28.4abc 68.4abc 17.7a 85.7ab 84.1ab 66.7ab 69.4ab 
   Wheat-SBM-wheat 
middlings + Xylanase 
B 
988a 210.7a 27.4a 204.2a 34.2abcd 3.3a 22.0abc 58.1a 19.5ab 35.7a 78.3a 18.0a 96.3a 93.5a 75.5a 73.9a 
SEM 57.17 12.23 2.22 11.12 3.00 0.62 2.04 4.93 1.66 3.10 5.52 1.11 6.30 5.87 5.10 4.97 
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Table 4.6. (Cont.)                 
P-values                 
   Grain source 0.409 0.820 0.305 0.564 0.012 0.412 0.001 0.014 <.001 0.080 0.099 <.001 0.769 0.833 0.095 0.181 
   Fiber concentration <.001 <.001 0.001 <.001 <.001 0.004 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 
   Grain source × fiber 
concentration 
0.176 0.073 0.090 0.153 0.078 0.107 0.241 0.478 0.362 0.610 0.315 <.001 0.115 0.072 0.223 0.007 
   Xylanase 0.550 0.591 0.815 0.431 0.529 0.114 0.308 0.433 0.317 0.542 0.397 0.220 0.478 0.455 0.390 0.457 
   Grain source × xylanase 0.437 0.638 0.090 0.408 0.673 0.002 0.233 0.230 0.469 0.274 0.441 0.461 0.534 0.662 0.593 0.813 
   Fiber concentration  × 
xylanase 
0.424 0.359 0.705 0.257 0.928 0.228 0.755 0.806 0.416 0.845 0.339 0.055 0.244 0.189 0.264 0.125 
   Grain source × fiber 
concentration  × 
xylanase 
0.407 0.690 0.999 0.358 0.439 0.271 0.372 0.273 0.300 0.274 0.295 0.324 0.250 0.246 0.289 0.271 
1Data are means of 8 observations per treatment. 
2IDF = insoluble dietary fiber; SDF = soluble dietary fiber; TDF = total dietary fiber; NSP = non-starch polysaccharides. 
3SBM = soybean meal. 
4Xylanase A and B were experimental xylanases supplied by Danisco Animal Nutrition-DuPont Industrial Biosciences (Marlborough, UK). 
5DDGS = distillers dried grains with solubles. 
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Table 4.7. Disappearance of nutrients, energy, and dietary fiber in the total tract of pigs, g or kcal/kg DMI1 
 GE DM Ash OM CP ADL ADF NDF Cellulose 
Insoluble 
hemi-
cellulose 
IDF2 SDF2 TDF2 NSP2 
Insoluble 
NSP 
Non-
cellulosic 
NSP 
Corn-based diets                 
   Corn-SBM3 4107ab 811.0ab 32.8bcd 888.2a 169.2f -1.2f 14.6e 43.3f 15.8e 28.7f 88.9g 2.9e 91.6f 92.7e 90.0g 77.0e 
   Corn-SBM + 
Xylanase A4 
4118ab 812.8a 31.9cde 889.5a 169.3f -1.2f 14.6e 45.3f 15.8e 30.8f 89.2g 3.1e 92.4f 93.6e 90.5g 77.8e 
   Corn-SBM + 
Xylanase B 
4129a 811.9ab 30.0e 890.5a 170.9f -1.4f 14.6e 44.1f 16.0e 29.5f 89.4g 3.0e 92.3f 93.6e 90.8g 77.6e 
   Corn-SBM-DDGS5 4107ab 756.1d 35.0ab 829.2d 201.4cde 0.4cd 29.2a 102.9c 28.8a 73.6c 131.5cd 7.9d 139.6c 139.2c 131.1c 110.4c 
   Corn-SBM-DDGS 
+ Xylanase A 
4088abc 754.9d 34.7ab 827.9d 199.4de 1.2abc 30.1a 104.8c 28.9a 74.6c 132.1c 8.4cd 140.7c 139.6c 131.1c 110.6c 
   Corn-SBM-DDGS 
+ Xylanase B 
4071bc 750.2de 36.0a 822.8d 198.3e 1.0bc 29.6a 103.4c 28.5a 75.5c 126.4d 8.9c 138.2c 137.0c 125.5d 108.6c 
Wheat-based diets                 
   Wheat-SBM 4033c 800.5c 31.0de 875.5c 202.4cd -0.7ef 15.4e 63.4e 16.2e 47.9e 104.1f 9.9b 114.1e 114.8d 104.8f 98.6d 
   Wheat-SBM + 
Xylanase A 
4045c 802.3bc 30.6de 877.5bc 203.9bc -1.0f 14.7e 62.2e 15.7e 47.5e 103.8f 9.9b 113.8e 114.8d 104.8f 99.0d 
   Wheat-SBM + 
Xylanase B 
4105ab 811.6ab 31.9cde 887.1ab 205.9b 0.1de 17.9d 69.8d 17.8d 52.0d 110.3e 10.0b 120.4d 120.3d 110.2e 102.5d 
   Wheat-SBM-wheat 
middlings 
3806e 743.9e 32.8bcd 806.3e 212.9a 0.6cd 23.4c 110.8b 22.6c 87.5b 159.0b 14.5a 173.3b 172.6b 158.3b 150.0b 
   Wheat-SBM-wheat 
middlings + 
Xylanase A 
3894d 758.2d 32.3cd 822.4d 215.8a 1.9a 26.4b 118.0a 24.5b 91.6a 166.6a 15.0a 181.7a 179.8a 164.7a 155.2a 
   Wheat-SBM-wheat 
middlings + 
Xylanase B 
3880d 758.3d 33.7abc 821.5d 214.7a 1.6ab 26.2b 119.4a 24.5b 93.3a 169.3a 14.6a 183.6a 182.1a 167.7a 157.5a 
SEM 22.27 3.76 1.06 3.66 1.34 0.34 0.76 2.00 0.58 1.22 1.91 0.43 2.25 2.09 1.78 1.67 
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Table 4.7. (Cont.)                 
P-values                 
   Grain source <.001 0.083 0.006 <.001 <.001 0.001 0.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 
   Fiber concentration <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 
   Grain source × fiber 
concentration 
<.001 0.105 0.046 0.894 <.001 0.501 <.001 <.001 <.001 0.024 <.001 0.018 <.001 <.001 <.001 <.001 
   Xylanase 0.070 0.109 0.572 0.059 0.511 0.036 0.024 0.015 0.082 0.002 0.068 0.171 0.034 0.058 0.123 0.074 
   Grain source × 
xylanase 
0.021 0.014 0.237 0.009 0.085 0.207 0.059 0.033 0.062 0.080 0.001 0.515 0.018 0.020 0.001 0.021 
   Fiber concentration  
× xylanase 
0.206 0.400 0.219 0.216 0.105 0.029 0.054 0.292 0.133 0.545 0.132 0.378 0.297 0.444 0.211 0.609 
   Grain source × fiber 
concentration  × 
xylanase 
0.178 0.290 0.214 0.204 0.520 0.240 0.262 0.290 0.328 0.196 0.144 0.319 0.350 0.322 0.098 0.322 
1Data are means of 8 observations per treatment. 
2IDF = insoluble dietary fiber; SDF = soluble dietary fiber; TDF = total dietary fiber; NSP = non-starch polysaccharides. 
3SBM = soybean meal. 
4Xylanase A and B were experimental xylanases supplied by Danisco Animal Nutrition-DuPont Industrial Biosciences (Marlborough, UK). 
5DDGS = distillers dried grains with solubles. 
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Table 4.8. Correlation coefficients1 between physical and chemical characteristics of experimental diets and the disappearance of 
energy, nutrients, and dietary fiber in the small intestine of pigs fed experimental diets 
 
 1Correlation coefficients were determined between all variables, but the table only shows correlation coefficients that 
were significant (P < 0.05) for brevity. 
 2IDF = insoluble dietary fiber; TDF = total dietary fiber; SDF = soluble dietary fiber; NSP = non-starch 
polysaccharides. 
 Correlation coefficient 
Disappearance,  
g/kg DMI 
Bulk 
density, 
g/L 
Water-binding 
capacity, g/g 
IDF, 
%2 
TDF, 
%2 
SDF, 
%2 
NDF, 
% 
Insoluble 
hemicellulose, % 
ADF, 
% 
DM   -0.96 -0.95  -0.96 -0.96 -0.95 
OM  -0.98 -0.99 -0.99  -0.98 -0.98 -0.98 
NDF -0.97 0.96 0.96 0.96 0.99   0.96 
ADF -0.99    0.99    
Cellulose  0.95 0.98 0.99 0.98 0.97 0.96 0.99 
Insoluble 
hemicellulose 
-0.96 0.97 0.97 0.97 0.99   
0.97 
 
IDF  0.97 0.99 1.00 0.97 0.98 0.98 1.00 
TDF   1.00 0.99   1.00 1.00 
NSP2   0.98 0.98  1.00 1.00 0.99 
Insoluble NSP  0.95 1.00 1.00   0.99 1.00 
Non-cellulosic 
NSP 
  0.96 0.96  0.98 0.99 0.97 
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Table 4.9. Correlation coefficients1 between physical and chemical characteristics of experimental diets and the disappearance of 
energy, nutrients, and dietary fiber in the hindgut of pigs fed experimental diets 
 
1Correlation coefficients were determined between all variables, but the table only shows correlation coefficients that were 
significant (P < 0.05) for brevity. 
2IDF = insoluble dietary fiber; TDF = total dietary fiber; SDF = soluble dietary fiber; NSP = non-starch polysaccharides. 
 Correlation coefficient 
Disappearance,  
g/kg DMI 
Bulk density, 
g/L 
IDF, 
%2 
TDF, 
%2 
SDF, 
%2 
NDF, 
% 
Insoluble hemicellulose, 
% 
ADF, 
% 
SDF -0.97   0.95    
Non-cellulosic 
NSP2 
 0.97 0.96  0.97 0.98 0.96 
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Table 4.10. Correlation coefficients1 between physical and chemical characteristics of experimental diets and the total tract 
disappearance of energy, nutrients, and dietary fiber and dietary concentration of DE and ME of pigs fed experimental diets 
 
1Correlation coefficients were determined between all variables, but the table only shows correlation coefficients that were 
significant (P < 0.05) for brevity. 
2IDF = insoluble dietary fiber; TDF = total dietary fiber; SDF = soluble dietary fiber; NSP = non-starch polysaccharide. 
 Correlation coefficient 
Disappearance,  
g/kg DMI 
Bulk 
density, 
g/L 
Water-binding 
capacity, g/g 
IDF, 
%2 
TDF, 
%2 
SDF, 
%2 
NDF, 
% 
Insoluble 
hemicellulose, % 
ADF, 
% 
GE 0.98        
DM   -0.97 -0.97  -0.98 -0.99 -0.97 
OM   -0.99 -0.99  -0.99 -0.99 -0.99 
NDF   0.96 0.96  0.99 0.99 0.97 
ADL   0.96 0.95  0.98 0.99 0.96 
Cellulose         
Insoluble 
hemicellulose 
  0.98 0.98  1.00 1.00 0.99 
IDF  0.97 1.00 1.00  0.99 0.99 1.00 
SDF     0.97    
TDF  0.96 1.00 1.00 0.95 0.99 0.99 1.00 
NSP2  0.96 1.00 1.00 0.96 0.99 0.99 1.00 
Insoluble NSP  0.97 1.00 1.00  0.99 0.99 1.00 
Non-cellulosic 
NSP 
-0.95 0.97 0.98 0.98 0.99 0.96  0.98 
DE, kcal/kg 1.00    -0.96    
ME, kcal/kg 0.99    -0.98    
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CHAPTER 5: ADDITIVITY OF VALUES FOR APPARENT DIGESTIBILITY OF 
FIBER IN MIXED DIETS FED TO PIGS 
 
ABSTRACT: An experiment was conducted to determine if ileal and total tract digestibility of 
dietary fiber in mixed diets is more accurately predicted from values for standardized ileal 
digestibility (SID) and standardized total tract digestibility (STTD) of fiber in individual 
ingredients than from values for apparent ileal digestibility (AID) or apparent total tract 
digestibility (ATTD) of fiber. Twenty-four growing barrows (initial BW: 30.1 ± 3.04 kg) were 
prepared with a T-cannula in the distal ileum and allotted to a 24 × 3 Youden square design with 
8 diets and 3 16-d periods. Three diets were formulated to contain 40% each distillers dried 
grains with solubles (DDGS), wheat middlings, or soybean hulls. Three additional diets were 
formulated combining 2 ingredient sources per diet: 20% DDGS and 20% soybean hulls, 20% 
DDGS and 20% wheat middlings, or 20% soybean hulls and 20% wheat middlings. One diet was 
formulated containing 13.33% each of the 3 ingredients and a fiber-free diet was formulated for a 
total of 8 diets. The predicted and measured AID, SID, ATTD, and STTD of dietary fiber 
fractions in the diets were calculated and compared. Results indicated that measured and 
predicted AID, SID, ATTD, and STTD of most dietary fractions in diet based on wheat 
middlings and soybean hulls were not different. Likewise, no differences were observed between 
the predicted and measured AID and SID of all dietary fiber components in the diet based on 
DDGS, wheat middlings, and soybean hulls. However, the measured AID, SID, ATTD, and 
STTD of some dietary fiber components in diets based on DDGS and wheat middlings or DDGS 
and soybean hulls and ATTD and STTD of some dietary fiber fractions in the diet based on 
DDGS, wheat middlings, and soybean hulls were different from the predicted values. Therefore, 
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correcting for endogenous losses does not increase additivity of digestibility values for dietary 
fiber in mixed diets.  
Key words: additivity, dietary fiber, digestibility, pigs 
 
INTRODUCTION 
With the increased availability and relatively low price of alternative feed ingredients, the 
inclusion of one or more alternative ingredients in pig diets may be economical (Zijlstra and 
Beltranena, 2013; Stein et al., 2015). Alternative ingredients often have high concentrations of 
dietary fiber, which may provide up to 30% of the maintenance energy requirement for growing 
pigs depending on the fermentability of fiber (Varel and Yen, 1997). However, if high fiber 
ingredients are included in diets fed to pigs, the DE and ME of these diets are sometimes 
different than values calculated from individual ingredients (Jaworski et al., 2015). It is, 
therefore, possible that associative effects are obtained if fiber-rich ingredients are mixed with 
other ingredients, which may make it difficult to predict the energy value of mixed diets 
containing high fiber ingredients. However, the concentration of dietary fiber may or may not 
influence digestibility of nutrients (Gutierrez et al., 2014) and it is possible that endogenous 
components in the intestinal tract such as mucin and microbes may be analyzed as fiber 
(Cervantes‐Pahm et al., 2014; Montoya et al., 2015; 2016). As a consequence, calculated values 
for the apparent digestibility of dietary fiber may be incorrect, which may contribute to 
difficulties in estimating the digestibility of dietary fiber in mixed diets. Specifically, if 
endogenous secretions are analyzed as dietary fiber, it is possible that values for apparent ileal 
digestibility (AID) or apparent total tract digestibility (ATTD) of fiber are not additive in mixed 
diets, but this question has not been addressed in published research. It was, therefore, the 
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objective of this research to test the hypothesis that the ileal and total tract digestibility of dietary 
fiber in mixed diets is more accurately predicted from values for standardized ileal digestibility 
(SID) and standardized total tract digestibility (STTD) of fiber in individual ingredients than 
from values for AID or ATTD of fiber. 
 
MATERIALS AND METHODS 
Distillers dried grains with solubles (DDGS), soybean hulls, and wheat middlings were 
used as high-fiber ingredients. Three diets that each contained 40% of one of these ingredients as 
the sole contributor of fiber were formulated (Table 5.1). A fiber-free diet based on cornstarch, 
sucrose, casein, oil, vitamins, and minerals was also formulated. Three additional diets were 
formulated by combining 2 fiber sources per diet: 20% DDGS and 20% soybean hulls, 20% 
DDGS and 20% wheat middlings, or 20% soybean hulls and 20% wheat middlings. A diet 
containing 13.33% of each of the 3 fiber sources was formulated as well. The 8 diets were 
formulated to meet nutrient requirements for 25 to 50 kg growing pigs (NRC, 2012) and were 
fed to 24 ileal cannulated pigs that were allotted to a triplicated 8 × 3 Youden Square design with 
8 diets and 3 periods. There were 3 replicate pigs per diet in each period for a total of 9 replicate 
pigs per diet. Each period lasted 16 d with the initial 7 d being an adaptation period to the diets 
and fecal samples and urine were collected from d 8 to 13 following the marker to marker 
approach (Adeola, 2001). Ileal digesta samples were collected on d 15 and 16 as previously 
explained (Stein et al., 1998). Feces and ileal digesta were also collected on d 13 and 16, 
respectively, for pH and volatile fatty acids (VFA) analysis. The pH was measured directly in 
digesta or feces immediately after collection using a Benchtop pH meter (Orion Star A111, 
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Fisher Scientific, Waltham, MA). For VFA analysis, 10 g of fresh ileal digesta or fresh feces was 
mixed with 10 mL of 2 N HCl and immediately stored at -20°C. 
Chemical Analyses 
All diets, ingredients, ileal digesta, and fecal samples were analyzed for DM (Method 
930.15; AOAC Int., 2007) and ash (Method 942.05; AOAC Int., 2007). Samples were also 
analyzed for ADF and NDF using Ankom Technology method 12 and 13, respectively 
(Ankom2000 Fiber Analyzer, Ankom Technology, Macedon, NY), and ADL using Ankom 
Technology method 9 (Ankom DaisyII Incubator, Ankom Technology, Macedon, NY). These 
samples were also analyzed for soluble dietary fiber (SDF) and insoluble dietary fiber (IDF) 
according to Method 991.43 (AOAC Int., 2007) using the Ankom TDF Dietary Fiber Analyzer 
(Ankom Technology, Macedon, NY) and CP (Method 990.03; AOAC Int., 2007) using a LECO 
FP628 Nitrogen/Protein apparatus (LECO Corporation, Saint Joseph, MI). Aspartic acid was 
used as a calibration standard and CP was calculated as N × 6.25.  All ingredients, diets, ileal 
digesta, and feces samples were analyzed for acid hydrolyzed ether extract (AEE) using 3N HCl 
on the ANKOMHCl Hydrolysis System (ANKOM Feed Technology, Macedon, NY) followed by 
crude fat extraction using petroleum ether on an ANKOMXT15 Extractor (Method: AOCS Am 5-
04; ANKOM Feed Technology, Macedon, NY). Titanium concentration in diets and ileal digesta 
samples were analyzed following the procedure of Myers et al. (2004). All ingredients, diets, 
fecal samples, urine samples, and ileal digesta samples were analyzed for GE using bomb 
calorimetry (Model 6400; Parr Instruments, Moline, IL) with benzoic acid used as a calibration 
standard. All ingredients, diets, and ileal digesta samples were also analyzed for AA on a Hitachi 
AA Analyzer, Model No. L8800 (Hitachi High Technologies America, Inc., Pleasanton, CA) 
145 
 
 
using ninhydrin for postcolumn derivatization and norleucine as the internal standard (Method 
982.30 E (a, b, c); AOAC Int., 2007).  
Calculations and Statistical Analyses 
Values for total dietary fiber of diets, ileal digesta, and fecal samples were calculated 
(Jaworski and Stein, 2017). The AID and the ATTD of all fiber components were calculated for 
all diets. The ileal and fecal flows of fiber from pigs fed the fiber-free diet was considered the 
endogenous components of the ileal and fecal output of fiber (Cervantes‐Pahm et al., 2014; 
Montoya et al., 2016). These quantities were used to correct AID and ATTD values for basal 
endogenous contributions to fiber in the ileal digesta and feces, respectively, and values for the 
SID and the STTD of NDF, ADF, soluble dietary fiber, insoluble dietary fiber, and total dietary 
fiber were calculated (Cervantes‐Pahm et al., 2014).  
Values for AID, ATTD, SID, and STTD of dietary fiber in the mixed diets were also 
calculated from the values obtained for the 3 diets with the individual ingredients according to 
the following equation (adapted from Hansen et al., 2007 and Stein et al., 2005): 
 
AIDp = ([DFD × AIDD] + [DFWM × AIDWM] + [DFSH × AIDSH]) / (DFD + DFWM + DF) 
 
where AIDp is the predicted AID for a dietary fiber component (%) in a mixed diet; DFD, 
DFWM, and DFWM are the concentrations of that dietary fiber in the mixed diet originating from 
DDGS, wheat middlings, and soybean hulls, respectively (g/kg); and AIDD, AIDWM, AIDSH are 
the measured AID (%) for that dietary fiber in DDGS, wheat middlings, and soybean hulls, 
respectively. The ATTD for the dietary fiber in the mixed diets were predicted using the same 
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equation, except that ATTD instead of AID was used. The predicted values for SID in the mixed 
diets were calculated using a similar equation: 
 
SIDp = ([DFD × SIDD] + [DFWM × SIDWM] + [DFSH × SIDSH]) / (DFD + DFWM + DF) 
 
where SIDp is the predicted SID for a dietary fiber (%) in a mixed diet; DFD, DFWM, and 
DFWM are the concentrations of that dietary fiber in the mixed diet originating from DDGS, 
wheat middlings, and soybean hulls, respectively (g/kg); and SIDD, SIDWM, SIDSH are the 
measured SID (%) for that dietary fiber in DDGS, wheat middlings, and soybean hulls, 
respectively. The STTD for the dietary fiber in the mixed diets were predicted using the same 
equation, except that STTD instead of SID was used. 
The calculated values were then compared with the measured values in the mixed diets 
(Stein et al., 2005). If the calculated and the measured values were not different, it was 
concluded that it is possible to predict values for AID, ATTD, SID, and STTD in mixed diets 
from the individual ingredients. However, if the measured values in the mixed diets were 
different from the calculated values, it was concluded that associative effects in fiber digestibility 
among ingredients exist. 
Data were analyzed using the MIXED procedure of SAS (SAS Inst., Inc., Cary, NC) with 
pig as the experimental unit. Analysis of variance was used to compare the AID and SID and 
ATTD and STTD of dietary fiber in DDGS, wheat middlings, and soybean hulls. Least square 
means were calculated for each independent variable and means were separated using the PDIFF 
option. The measured digestibility values in the mixed diets and the predicted values were 
compared using a t-test. 
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RESULTS 
The analyzed nutrient composition of ingredients and experimental diets were presented 
in Tables 5.2 and 5.3.  
No differences were observed on the AID of ADF among DDGS, wheat middlings, and 
soybean hulls (Table 5.4). The AID of NDF and total dietary fiber in wheat middlings was 
greater dietary fiber was observed between DDGS and soybean hulls. The AID of insoluble 
dietary fiber was greater (P < 0.05) in wheat middlings than in DDGS and soybean hulls, and 
AID of insoluble dietary fiber in DDGS was greater (P < 0.05) than in soybean hulls. The AID of 
soluble dietary fiber in wheat middlings and soybean hulls was greater (P < 0.05) than in DDGS, 
and no difference in AID of soluble dietary fiber was observed between wheat middlings and 
soybean hulls. The SID of ADF in DDGS was greater (P < 0.05) than in soybean hulls, but the 
SID of ADF in wheat middlings was not different compared with DDGS or soybean hulls. The 
SID of NDF, insoluble dietary fiber, and total dietary fiber in wheat middlings was greater (P < 
0.05) than in DDGS or soybean hull, but no difference was observed between DDGS or soybean 
hulls. The AID of soluble dietary fiber in wheat middlings or soybean hulls was greater (P < 
0.05)  than in DDGS, but no difference was observed between wheat middlings and soybean 
hulls.  
The ATTD and STTD of ADF in DDGS were greater (P < 0.05) than in wheat middlings 
or soybean hulls, and ATTD and STTD of ADF in soybean hulls were greater (P < 0.05) than in 
wheat middlings (Table 5.5). The ATTD and STTD of insoluble dietary fiber and total dietary 
fiber in wheat middlings were greater (P < 0.05) than in DDGS, but the ATTD and STTD of 
insoluble dietary fiber and total dietary fiber in soybean hulls were not different compared to 
DDGS or wheat middlings. The ATTD of NDF in wheat middlings was greater (P < 0.05) than 
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in DDGS or wheat middlings, and ATTD of NDF in soybean hulls was greater (P < 0.05) than in 
DDGS. However, the STTD of NDF in wheat middlings was greater (P < 0.05) than in DDGS or 
soybean hulls, but no difference was observed between DDGS and soybean hulls. The ATTD of 
soluble dietary fiber in soybean hulls was greater (P < 0.05) than in DDGS or wheat middlings, 
and ATTD of soluble dietary fiber in DDGS was greater (P < 0.05) than in wheat middlings. 
However, the STTD of soluble dietary fiber in DDGS or soybean hulls was greater (P < 0.05) 
than in wheat middlings, but no difference was observed between DDGS and soybean hulls. 
 
Measured vs. Predicted Digestibility of Dietary Fiber in Mixed Diets 
For diet based on DDGS and wheat middlings, differences between the measured and the 
predicted values for AID and SID of ADF, soluble dietary fiber, and total dietary fiber and SID 
of insoluble dietary fiber differed (P < 0.05) from zero (Table 5.6). In contrast, there was no 
difference between the measured and the predicted AID of insoluble dietary fiber and NDF and 
SID of NDF. Differences (P < 0.05) between the measured and the predicted AID and SID for 
diet based on DDGS and soybean hulls were observed for NDF, insoluble dietary fiber, and total 
dietary fiber (Table 5.7). Differences ranged from 6.6 to 7.2 percentage units. However, no 
differences were observed between the measured and the predicted AID and SID of ADF and 
soluble dietary fiber.  
No differences between the measured and the predicted AID or SID of all dietary fiber 
fractions were observed for diet based on wheat middlings and soybean hulls (Table 5.8). 
Negative digestibility values were observed for soluble dietary fiber. For diet based on DDGS, 
wheat middlings, and soybean hulls, differences between the measured and the predicted AID 
and SID of NDF differed (P < 0.05) from zero (Table 5.9). However, no differences were 
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observed between the measured and the predicted AID or SID of ADF, insoluble dietary fiber, 
soluble dietary fiber, and total dietary fiber. 
 Differences (P < 0.05) between the measured and the predicted ATTD and STTD of 
insoluble dietary fiber, soluble dietary fiber, and total dietary fiber were observed in diet based 
on DDGS and wheat middlings (Table 5.10). Differences ranged from 5.3 to 39.5 percentage 
units. However, no differences were observed between the measured and the predicted ATTD or 
STTD of ADF and NDF. Differences between the measured and the predicted ATTD and STTD 
of ADF, NDF, insoluble dietary fiber, and total dietary fiber differed (P < 0.05) from zero for 
diet based on DDGS and soybean hulls (Table 5.11). However, no differences were observed 
between the measured and the predicted AID and SID of soluble dietary fiber. 
 Differences between the measured and the predicted ATTD and STTD of soluble dietary 
fiber and total dietary fiber in diet based on wheat middlings and soybean hulls differed (P < 
0.05) from zero (Table 5.12). However, no differences were observed between the measured and 
the predicted ATTD or STTD of ADF, NDF, and insoluble dietary fiber. 
 Except for soluble dietary fiber, differences between the measured and the predicted 
ATTD and STTD of all dietary fiber components in diet based on DDGS, wheat middlings, and 
soybean hulls differed (P < 0.05) from zero (Table 5.13). Differences ranged from 5.2 to 10.8 
percentage units. 
Ileal Digesta and Fecal pH and VFA Concentrations 
 For ileal digesta, pH ranged from 6.44 to 7.43 among diets (Table 5.14). Pigs fed the 
fiber-free diet or diet based on DDGS had the greatest (P < 0.05) pH among diets, whereas pigs 
fed diet based on wheat middlings had the least pH (P < 0.05). For fecal samples, pH ranged 
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from 5.34 to 7.14, with pigs fed diet based on DDGS having the greatest pH, and pigs fed diet 
based on soybean hulls the least pH. 
 Acetate was the most predominant VFA in ileal digesta and feces from pigs fed 
experimental diets. No differences in ileal digesta concentration of acetate was observed among 
fiber-containing diets, but digesta from pigs fed the fiber-free diet had less (P < 0.05) 
concentration of acetate compared with digesta from pigs fed fiber-containing diets. Ileal digesta 
concentration of propionate, isobutyrate, butyrate, and valerate from pigs fed diet based on wheat 
middlings was greater (P < 0.05) than in other diets, and no differences in ileal digesta 
concentration of propionate, isobutyrate, butyrate, and valerate was observed among pigs fed diets 
based on DDGS, soybean hulls, DDGS and wheat middlings, DDGS and soybean hulls, wheat 
middlings and soybean hulls, and DDGS, wheat middlings, and soybean hulls and these values 
were also not different from pigs fed the fiber-free diet. However, no differences in ileal digesta 
concentration of isovalerate was observed among dietary treatments.  
Concentration of acetate in feces from pigs fed diets based on soybean hulls or DDGS 
and wheat middlings was greatest (P < 0.05) among dietary treatments, and the concentration of 
acetate in feces from pigs fed the fiber-free diet was the least (P < 0.05). Fecal concentration of 
propionate from pigs fed diets based on soybean hulls, DDGS and soybean hulls, and wheat 
middlings and soybean hulls was greatest (P < 0.05), whereas feces from pigs fed the fiber-free 
diet had the least (P < 0.05) concentration of propionate. Ileal digesta concentration of 
isobutyrate from diets based on DDGS, DDGS and wheat middlings, DDGS and soybean hulls, 
and DDGS, wheat middlings, and soybean hulls was greatest (P < 0.05), whereas ileal digesta 
from the fiber-free diet had the least (P < 0.05) concentration. Ileal digesta concentration of 
butyrate from diets based on soybean hulls, DDGS and soybean hulls, wheat middlings and 
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soybean hulls, and DDGS, wheat middlings, and soybean hulls was greatest (P < 0.05), whereas 
digesta from pigs fed the fiber-free diet had the least (P < 0.05) concentration of butyrate. Ileal 
digesta concentration of isovalerate was greatest (P < 0.05) from pigs fed diets based on DDGS 
and DDGS and wheat middlings, whereas digesta from pigs fed the fiber-free diet had the least 
isovalerate concentration. Ileal digesta concentration of valerate was greatest in diets based on 
DDGS and soybean hulls and DDGS, wheat middlings, and soybean hulls and least in ileal 
digesta from the fiber-free diet. 
 
DISCUSSION 
The analyzed nutrient compositions of ingredients were in agreement with published 
values (NRC, 2012) and analyzed nutrient composition of diets were in agreement with nutrient 
values calculated from individual ingredients.  
All AID values for dietary fiber components in wheat middlings and soybean hulls and 
the AID of NDF in DDGS were less than previous data, whereas AID of ADF, insoluble dietary 
fiber, soluble dietary fiber, and total dietary fiber in DDGS were in agreement with reported 
values (Jaworski and Stein, 2017). The ATTD of insoluble dietary fiber and total dietary fiber in 
DDGS, wheat middlings, and soybean hulls and the ATTD of NDF in wheat middlings were also 
in agreement with previous data (Jaworski and Stein, 2017). The ATTD of ADF in DDGS and 
wheat middlings, and ATTD of soluble dietary fiber in DDGS and soybean hulls were greater 
than published data, whereas ATTD NDF in DDGS, ATTD of soluble dietary fiber in wheat 
middlings, and ATTD of ADF and NDF in soybean hulls were reduced compared with published 
values (Jaworski and Stein, 2017). 
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The observed negative AID of soluble dietary fiber has been previously associated with 
endogenous losses of dietary fiber (Montoya, 2015; 2016). However, if AID values are corrected 
for endogenous losses to calculate SID, negative values for the SID of soluble dietary fiber is 
observed, which indicates that only endogenous secretions contribute to the negative values. It is 
possible that solubilization of some of the insoluble dietary fiber contributed to analyzed soluble 
dietary fiber in ileal digesta and feces of pigs, which maybe the reason for the negative values 
observed. 
 Endogenous dietary fiber losses are non-dietary fiber components such as mucin 
and microbes that are analyzed as dietary fiber in the digesta or feces of pigs (Cervantes‐Pahm et 
al., 2014; Montoya et al., 2015; 2016). Concentration of endogenous losses of insoluble dietary 
fiber and soluble dietary fiber in ileal digesta and endogenous losses of soluble dietary fiber in 
feces were in agreement with previous data (Montoya et al., 2015), but greater ileal and total 
tract endogenous losses of total dietary fiber has also been reported (Cervantes‐Pahm et al., 
2014). The observed greater ileal than total tract endogenous losses may be a result of mucus 
fermentation in the hindgut of the pigs. There was also significant quantities of branched-chain 
fatty acids in feces and ileal digesta, which indicates fermentation of protein. 
The greater ATTD and STTD values for soluble dietary fiber compared with insoluble 
dietary fiber may be associated with the more hydrophilic and less rigid structure of soluble 
dietary fiber, and therefore greater microbial fermentability and shorter transit time needed (Bach 
Knudsen and Hansen, 1991; Wilfart et al., 2007; Jaworski and Stein, 2017). The observed 
similarity in the digestibility of NDF and insoluble dietary fiber was expected and in agreement 
with previous data (Lipiec et al., 1994). Insoluble dietary fiber and NDF analyses are both used 
to quantify lignin, cellulose, and insoluble hemicelluloses in the samples. This indicates that 
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either procedure may be used to measure the insoluble portion of the dietary fiber. The observed 
greater ATTD and STTD than AID and SID of dietary fiber fractions indicates most 
fermentation of dietary fiber occurred in the hindgut and this observation is in agreement with 
previous data (Jaworski and Stein, 2017). 
 Digestibility values for diets based on wheat middlings and soybean hulls were 
additive, but if DDGS was included, the digestibility values were less additive. This observation 
is likely not a result of endogenous secretions because SID values were not more additive than 
AID values, which may indicate that the obtained AID values for DDGS are inaccurate, 
however, there is no clear explanation for this observation. The total tract digestibility values 
were also not additive for all mixed diets. Analyzing total dietary fiber instead of ADF or NDF 
did not increase the accuracy of prediction of digestibility of fiber in the mixed diets. Calculating 
STTD values instead of ATTD values also does not improve prediction of the digestibility values 
in mixed diets because the endogenous losses were too low to make a difference. If endogenous 
losses were the reason ATTD were not additive, measured values should be greater than 
predicted, which was the case for all diets except for the diet based on DDGS and wheat 
middlings. For soluble dietary fiber, no negative total tract digestibility values were observed 
indicating that most of the soluble dietary fiber was fermented. 
Despite having the greatest fermentation of dietary fiber, pigs fed the diet based on wheat 
middlings had the least short-chain fatty acid concentration in feces. This may be a result of the 
greater fermentation in the small intestine and cecum than in the colon, indicating that a large 
proportion of dietary fiber in wheat middlings was fermented in the upper intestinal tract. In 
contrast, pigs fed diet based on soybean hulls had the greatest short-chain fatty acids in feces 
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indicating that most of the dietary fiber in soybean hulls is fermented in the colon, which has also 
been previously observed (Jaworski and Stein, 2017).  
In conclusion, no differences were observed between the measured and the predicted 
AID, SID, ATTD, and STTD of most dietary fiber fractions in the diet based on wheat middlings 
and soybean hulls and between the measured and the predicted AID and SID of all dietary fiber 
components in diet based on DDGS, wheat middlings, and soybean hulls. However, differences 
between the measured and the predicted AID, SID, ATTD, and STTD of some dietary fiber 
fractions differed from zero in diets containing DDGS and wheat middlings or DDGS and 
soybean hulls and between the measured and predicted ATTD and STTD of some dietary fiber 
fraction in the diet containing DDGS, wheat middlings, and soybean hulls. Therefore, correcting 
for endogenous losses does not increase additivity of the digestibility of dietary fiber of each 
ingredient in mixed diets. 
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TABLES 
Table 5.1. Ingredient composition and calculated chemical composition of experimental diets, as-fed basis 
Item DDGS1 Wheat 
middlings 
Soybean 
hulls 
DDGS + 
wheat 
middlings 
DDGS + 
soybean 
hulls 
Wheat 
middlings + 
soybean 
hulls 
DDGS + 
wheat 
middlings + 
soybean 
hulls 
Fiber – 
free diet 
Ingredient, %         
DDGS 40.00 - - 20.00 20.00 - 13.35 - 
Wheat middlings - 40.00 - 20.00 - 20.00 13.35 - 
Soybean hulls - - 40.00 - 20.00 20.00 13.35 - 
Corn starch 22.73 21.97 20.28 22.74 22.28 21.13 22.50 56.93 
Sucrose 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 
Casein 11.50 12.50 14.10 11.60 12.00 13.30 11.80 16.90 
Soybean oil 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 
Ground limestone 1.30 1.53 0.32 1.41 0.77 0.92 1.03 0.90 
Dicalcium phosphate 0.52 0.05 1.35 0.30 1.00 0.70 0.67 1.32 
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Table 5.1. (Cont.)         
Titanium oxide 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 
Sodium chloride 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 
Vitamin-mineral premix2 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 
Calculated values3         
  ME, kcal/kg 3476 3316 2905 3394 3187 3117 3227 3423 
  CP, % 21.17 17.42 16.65 18.94 18.2 17.04 17.70 15.03 
  Ca, % 0.66 0.66 0.66 0.66 0.66 0.66 0.66 0.66 
  STTD P4, % 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31 
Amino acids5, %         
  Arg 0.74 0.77 0.62 0.74 0.65 0.69 0.69 0.50 
  His 0.52 0.46 0.42 0.48 0.45 0.44 0.44 0.42 
  Ile 0.81 0.69 0.70 0.74 0.72 0.70 0.70 0.72 
  Leu 2.01 1.33 1.33 1.64 1.61 1.33 1.49 1.35 
  Lys 0.99 1.04 1.09 0.98 0.99 1.06 0.98 1.13 
  Met 0.41 0.39 0.39 0.42 0.41 0.39 0.40 0.42 
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Table 5.1. (Cont.)         
  Met + Cys 0.64 0.55 0.49 0.58 0.54 0.52 0.54 0.48 
  Phe 0.94 0.75 0.74 0.83 0.80 0.75 0.78 0.73 
  Thr 0.68 0.59 0.59 0.62 0.61 0.59 0.59 0.59 
  Trp 0.20 0.22 0.20 0.21 0.19 0.21 0.20 0.22 
  Val 1.06 0.93 0.91 0.97 0.94 0.92 0.92 0.94 
1DDGS = distillers dried grains with solubles. 
2Provide the following quantities of vitamins and micro-minerals per kilogram of complete diet: vitamin A as retinyl acetate, 
11,150 IU; vitamin D3 as cholecalciferol, 2,210 IU; vitamin E as selenium yeast, 66 IU; vitamin K as menadione nicotinamide 
bisulfate, 1.42 mg; thiamin as thiamine mononitrate, 1.10 mg; riboflavin, 6.59 mg; pyridoxine as pyridoxine hydrochloride, 1.00 mg; 
vitamin B12, 0.03 mg; D-pantothenic acid as D-calcium pantothenate, 23.6 mg; niacin, 44.1 mg; folic acid, 1.59 mg; biotin, 0.44 mg; 
Cu, 20 mg as copper chloride; Fe, 125 mg as iron sulfate; I, 1.26 mg as ethylenediamine dihydriodide; Mn, 60.2 mg as manganese 
hydroxychloride; Se, 0.30 mg as sodium selenite and selenium yeast; and Zn, 125.1 mg as zinc hydroxychloride. 
3Calculated from NRC (2012). 
4STTD = standardized total tract digestible. 
5Amino acids are indicated as standardized ileal digestible AA.
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Table 5.2. Chemical composition of ingredients, as-fed basis 
 
Item DDGS1 Wheat middlings Soybean hulls 
GE, kcal/kg 4,624 4,147 3,793 
DM, % 92.37 90.31 89.84 
CP (N × 6.25), % 30.27 15.92 10.27 
AEE2, % 7.89 4.41 2.28 
Ash, % 5.42 5.39 4.51 
OM3, % 86.96 84.92 85.33 
Ca, % 0.02 0.09 0.54 
P, % 1.01 1.14 0.10 
ADL, % 2.61 3.59 2.01 
ADF, % 11.86 11.70 44.10 
NDF, % 29.43 40.33 58.96 
Insoluble dietary fiber, % 31.60 38.10 63.90 
Soluble dietary fiber, % 1.90 1.60 5.00 
Total dietary fiber3, % 33.50 39.70 68.90 
Indispensable AA, %    
  Arg 1.22 1.06 0.44 
  His 0.79 0.43 0.25 
  Ile 1.16 0.51 0.38 
  Leu 3.22 0.96 0.63 
  Lys 0.90 0.69 0.66 
  Met 0.51 0.23 0.10 
  Phe 1.37 0.61 0.37 
  Thr 1.00 0.48 0.33 
  Trp 0.19 0.20 0.09 
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Table 5.2. (Cont.)    
  Val 1.46 0.74 0.43 
Dispensable AA, %    
  Ala 2.03 0.75 0.40 
  Asp 1.76 1.09 0.87 
  Cys 0.58 0.34 0.19 
  Glu 4.34 2.62 0.96 
  Gly 1.13 0.85 0.85 
  Pro 2.31 0.91 0.53 
  Ser 1.08 0.54 0.48 
  Tyr 1.01 0.42 0.45 
Total AA, % 26.50 13.62 9.31 
1DDGS = distillers dried grains and solubles; SBM = soybean meal. 
2AEE = acid hydrolyzed ether extract. 
3Calculated values: OM = DM – ash; Total dietary fiber = insoluble dietary fiber + 
soluble dietary fiber. 
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Table 5.3. Analyzed nutrient composition of diets, as-fed basis 
Item DDGS1 Wheat 
middlings 
Soybean 
hulls 
DDGS + 
wheat 
middlings 
DDGS + 
soybean 
hulls 
Wheat 
middlings + 
soybean 
hulls 
DDGS + 
wheat 
middlings + 
soybean 
hulls 
Fiber – 
free diet 
GE, kcal/kg 4,345 4,154 4,027 4,219 4,151 4,096 4,143 4,000 
DM, % 93.49 92.59 92.27 92.99 92.62 93.18 93.22 92.59 
CP (N × 6.25), % 21.89 16.98 16.10 18.62 17.88 16.44 17.42 14.59 
AEE2, % 5.54 3.17 1.90 5.13 3.80 2.55 3.36 1.11 
Ash, % 4.72 4.82 4.21 4.56 4.63 4.72 4.99 3.22 
OM3, % 88.78 87.77 88.07 88.44 87.99 88.45 88.23 89.37 
Ca, % 0.69 0.64 0.58 0.66 0.69 0.57 0.73 0.72 
P, % 0.59 0.54 0.39 0.54 0.52 0.48 0.48 0.39 
ADL, % 0.74 1.45 0.79 1.19 0.91 1.18 1.02 0.18 
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Table 5.3. (Cont.)         
ADF, % 4.01 4.59 17.65 4.27 11.20 10.94 8.74 0.18 
NDF, % 11.29 16.58 23.11 13.02 17.82 19.91 19.10 0.51 
Insoluble dietary fiber, % 12.70 16.30 25.60 12.90 20.20 21.40 18.20 0.30 
Soluble dietary fiber, % 0.60 0.70 2.10 0.30 1.40 1.60 1.20 0.20 
Total dietary fiber3, % 13.30 17.00 27.70 13.20 21.60 23.00 19.40 0.50 
Indispensable AA, %         
  Arg 0.90 0.84 0.62 0.89 0.74 0.71 0.77 0.56 
  His 0.65 0.51 0.47 0.59 0.54 0.50 0.53 0.47 
  Ile 1.06 0.83 0.84 0.96 0.92 0.86 0.90 0.87 
  Leu 2.37 1.45 1.44 1.92 1.85 1.48 1.71 1.49 
  Lys 1.24 1.17 1.27 1.24 1.24 1.25 1.21 1.28 
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Table 5.3. (Cont.)         
  Met 0.50 0.40 0.38 0.45 0.42 0.40 0.42 0.43 
  Phe 1.12 0.83 0.79 0.99 0.93 0.83 0.89 0.82 
  Thr 0.87 0.64 0.63 0.76 0.73 0.67 0.69 0.63 
  Trp 0.22 0.23 0.18 0.24 0.20 0.22 0.21 0.16 
  Val 1.34 1.07 1.03 1.22 1.15 1.07 1.13 1.08 
Dispensable AA, %         
  Ala 1.20 0.65 0.55 0.93 0.84 0.61 0.79 0.49 
  Asp 1.54 1.22 1.22 1.37 1.32 1.26 1.29 1.09 
  Cys 0.30 0.18 0.12 0.23 0.19 0.16 0.19 0.07 
  Glu 4.26 3.58 3.15 3.99 3.62 3.47 3.59 3.46 
  Gly 0.70 0.56 0.59 0.63 0.61 0.57 0.60 0.30 
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Table 5.3. (Cont.)         
  Pro 2.19 1.66 1.62 1.98 1.86 1.70 1.81 1.77 
  Ser 0.95 0.77 0.79 0.88 0.86 0.83 0.80 0.74 
  Tyr 0.90 0.68 0.72 0.82 0.81 0.65 0.76 0.73 
Total AA, % 22.39 17.30 16.67 20.14 19.01 17.37 18.41 16.46 
1DDGS = distillers dried grains with solubles. 
2AEE = acid hydrolyzed ether extract. 
3Calculated values: OM = DM – ash; total dietary fiber = insoluble dietary fiber + soluble dietary fiber.
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Table 5.4. Apparent ileal digestibility (AID) and standardized ileal digestibility (SID; %) of dietary fiber in distillers dried grains with 
solubles (DDGS), wheat middlings, and soybean hulls by growing pigs1,2,3 
1Data are least square means of 9 observations per treatment. 
 2AID values were calculated as (1 - [(dietary fiber in digesta/dietary fiber in feed) × (Ti in feed/Ti in digesta)] × 100. 
3SID were calculated as (AID + [endogenous loss/intake]) × 100. Endogenous losses were calculated from the flow of dietary 
fiber to the distal ileum after feeding the fiber-free diet. These losses were determined as (g/kg DMI): ADF, 2.81; NDF, 6.87; 
insoluble dietary fiber, 1.97; soluble dietary fiber, 2.40; total dietary fiber, 5.07. 
 AID  SID 
Item DDGS2 Wheat 
middlings 
Soybean 
hulls 
SEM P-value  DDGS Wheat 
middlings 
Soybean 
hulls 
SEM P-
value 
ADF 10.52a 7.05a 0.29a 4.45 0.208  17.09a 12.73ab 1.77b 4.45 0.036 
NDF 3.39b 28.90a 0.37b 3.60 <.001  9.08b 32.74a 3.11b 3.60 <.001 
Insoluble dietary fiber 9.95b 20.47a 1.85c 2.35 <.001  11.41b 26.23a 2.56b 3.33 <.001 
Soluble dietary fiber -84.70b -32.43a -18.63a 8.79 <.001  -47.35b -0.73a -8.10a 8.79 0.002 
Total dietary fiber 5.68b 22.74a 0.30b 3.33 <.001  9.25b 25.50a 1.99b 3.33 <.001 
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Table 5.5. Apparent total tract digestibility (ATTD) and standardized total tract digestibility (STTD; %) of dietary fiber in distillers 
dried grains with solubles (DDGS), wheat middlings, and soybean hulls by growing pigs1,2,3 
1Data are least square means of 9 observations per treatment. 
2ATTD values were calculated as [(total dietary fiber intake – total fecal output of dietary fiber)/ total dietary fiber intake] × 
100. 
 
 
 ATTD  STTD 
Item DDGS Wheat 
middlings 
Soybean 
hulls 
SEM P-value  DDGS Wheat 
middlings 
Soybean 
hulls 
SEM P-
value 
ADF 56.22a 32.21c 45.29b 3.68 <.001  58.65a 34.30c 45.84b 3.68 <.001 
NDF 43.51c 59.38a 51.63b 2.44 0.001  46.96b 61.71a 53.29b 2.44 0.002 
Insoluble dietary fiber 49.59b 59.80a 55.58ab 2.32 0.019  51.36b 61.17a 56.45ab 2.32 0.026 
Soluble dietary fiber 78.04b 66.11c 84.70a 2.82 <.001  81.13a 68.72b 85.57a 2.82 <.001 
Total dietary fiber 50.88b 60.06a 55.43ab 1.81 0.005  52.71b 61.48a 56.30ab 1.81 0.007 
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Table 5.5.  
3STTD values were calculated as [(total dietary fiber intake – (total fecal output of dietary fiber – endogenous loss))/ total 
dietary fiber intake] × 100. Endogenous losses were calculated from the fecal dietary fiber after feeding the fiber-free diet. These 
endogenous  
losses were determined as (mg/kg DMI): ADF, 1.04; NDF, 4.17; insoluble dietary fiber, 2.41; soluble dietary fiber, 0.20; total 
dietary fiber, 2.61. 
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Table 5.6. Measured and predicted values for apparent ileal digestibility (AID) and standardized ileal digestibility (SID; %) for dietary 
fiber in a diet based on distillers dried grains with solubles and wheat middlings 
 AID  SID 
Item Measured Predicted Difference SE  Measured Predicted Difference SE 
ADF 13.9 8.9 5.0* 2.1  20.0 15.0 5.0* 2.1 
NDF 14.5 18.3 -3.8 2.9  19.4 22.9 -3.5 2.9 
Insoluble dietary fiber 4.4 15.8 -11.2 4.8  6.1 19.5 -13.5* 4.8 
Soluble dietary fiber -300.2 -60.6 -237.3* 18.0  -225.9 -25.8 -197.8* 18.0 
Total dietary fiber -3.1 15.1 -18.1* 4.8  0.4 18.2 -17.7* 4.8 
*Measured and predicted values differ, P < 0.05.
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Table 5.7. Measured and predicted values for apparent ileal digestibility (AID) and standardized ileal digestibility (SID; %) for dietary 
fiber in a diet based on distillers dried grains with solubles and soybean hulls 
 AID  SID 
Item Measured Predicted Difference SE  Measured Predicted Difference SE 
ADF 7.2 2.5 5.5 3.4  9.6 5.0 5.3 3.4 
NDF 7.9 1.4 6.7* 2.7  11.5 5.1 6.6* 2.7 
Insoluble dietary fiber 11.7 4.6 7.1* 2.3  12.4 5.5 7.2* 2.3 
Soluble dietary fiber -28.3 -37.2 7.1 9.8  -12.4 -19.2 5.0 9.8 
Total dietary fiber 9.0 2.0 7.0* 2.2  11.2 4.3 6.9* 2.2 
*Measured and predicted values differ, P < 0.05.
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Table 5.8. Measured and predicted values for apparent ileal digestibility (AID) and standardized ileal digestibility (SID; %) for dietary 
fiber in a diet based on wheat middlings and soybean hulls 
 AID  SID 
Item Measured Predicted Difference SE  Measured Predicted Difference SE 
ADF 0.9 1.7 -0.8 5.3  3.3 4.1 -0.8 5.3 
NDF 12.4 12.0 0.3 3.8  15.6 15.2 0.4 3.8 
Insoluble dietary fiber 13.0 8.8 3.9 3.9  13.6 11.4 2.2 3.9 
Soluble dietary fiber -17.9 -22.5 4.3 5.9  -4.0 -6.8 2.6 5.9 
Total dietary fiber 10.7 8.5 2.1 3.4  12.8 10.6 2.1 3.4 
*Measured and predicted values differ, P < 0.05. 
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Table 5.9. Measured and predicted values for apparent ileal digestibility (AID) and standardized ileal digestibility (SID; %) for dietary 
fiber in a diet based on distillers dried grains with solubles, wheat middlings, and soybean hulls 
 AID  SID 
Item Measured Predicted Difference SE  Measured Predicted Difference SE 
ADF 6.0 3.3 2.7 5.2  9.0 6.4 2.6 5.2 
NDF 23.3 10.1 13.2* 3.5  26.6 13.8 12.8* 3.5 
Insoluble dietary fiber 13.3 9.1 4.5 4.4  14.7 11.4 3.3 4.4 
Soluble dietary fiber -40.7 -36.3 -4.5 8.5  -22.1 -15.8 -6.4 8.5 
Total dietary fiber 10.3 7.9 2.5 4.2  12.7 10.3 2.5 4.2 
*Measured and predicted values differ, P < 0.05.
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Table 5.10. Measured and predicted values for apparent total tract digestibility (ATTD) and standardized total tract digestibility 
(STTD; %) for dietary fiber in a diet based on distillers dried grains with solubles and wheat middlings 
 ATTD  STTD 
Item Measured Predicted Difference SE  Measured Predicted Difference SE 
ADF 42.8 44.4 -1.6 2.4  45.1 46.7 -1.6 2.4 
NDF 50.7 52.8 -2.2 1.9  53.6 55.6 -2.0 1.9 
Insoluble dietary fiber 49.8 55.3 -5.5* 1.6  51.5 56.8 -5.3* 1.6 
Soluble dietary fiber 33.2 72.6 -39.5* 4.3  39.3 75.5 -36.2* 4.3 
Total dietary fiber 49.4 55.9 -6.5* 1.6  51.3 57.5 -6.3* 1.6 
*Measured and predicted values differ, P < 0.05.
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Table 5.11. Measured and predicted values for apparent total tract digestibility (ATTD) and standardized total tract digestibility 
(STTD; %) for dietary fiber in a diet based on distillers dried grains with solubles and soybean hulls 
 ATTD  STTD 
Item Measured Predicted Difference SE  Measured Predicted Difference SE 
ADF 63.6 47.6 16.4* 4.1  64.4 48.5 16.3* 4.1 
NDF 60.2 48.9 11.6* 3.4  62.4 51.2 11.5* 3.4 
Insoluble dietary fiber 64.1 53.6 10.7* 3.0  65.2 54.8 10.7* 3.0 
Soluble dietary fiber 81.4 82.9 -1.3 1.9  82.7 84.3 -1.5 1.9 
Total dietary fiber 65.3 54.0 11.5* 1.9  66.4 55.2 11.4* 2.8 
*Measured and predicted values differ, P < 0.05. 
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Table 5.12. Measured and predicted values for apparent total tract digestibility (ATTD) and standardized total tract digestibility 
(STTD; %) for dietary fiber in a diet based on wheat middlings and soybean hulls 
 ATTD  STTD 
Item Measured Predicted Difference SE  Measured Predicted Difference SE 
ADF 49.5 42.6 6.9 3.1  50.3 43.5 6.9 3.1 
NDF 58.5 54.9 3.6 1.9  60.5 56.8 3.7 1.9 
Insoluble dietary fiber 61.0 57.2 3.8 1.7  62.1 58.3 3.8 1.7 
Soluble dietary fiber 86.0 80.2 5.8* 1.9  87.1 81.5 5.6* 1.9 
Total dietary fiber 62.8 57.2 5.6* 1.6  63.8 58.3 5.5* 1.6 
*Measured and predicted values differ, P < 0.05.
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Table 5.13. Measured and predicted values for apparent total tract digestibility (ATTD) and standardized total tract digestibility 
(STTD; %) for dietary fiber in a diet based on distillers dried grains with solubles, wheat middlings, and soybean hulls 
 ATTD  STTD 
Item Measured Predicted Difference SE  Measured Predicted Difference SE 
ADF 55.8 45.0 10.8* 3.3  56.9 46.1 10.8* 3.3 
NDF 63.3 52.3 11.0* 2.2  65.3 54.6 0.8* 2.2 
Insoluble dietary fiber 60.6 55.4 5.2* 2.2  61.8 56.6 5.2* 2.2 
Soluble dietary fiber 79.6 79.7 -0.1 1.8  81.1 81.4 -0.3 1.8 
Total dietary fiber 61.8 55.7 6.1* 2.0  63.1 57.0 6.1* 2.0 
*Measured and predicted values differ, P < 0.05.
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Table 5.14. pH and volatile fatty acid concentrations, expressed as µg/g (as-is basis), in ileal digesta and feces of pigs fed 
experimental diets 
Item DDGS1 Wheat 
middlings 
Soybean 
hulls 
DDGS + 
wheat 
middlings 
DDGS + 
soybean 
hulls 
Wheat 
middlings 
+ soybean 
hulls 
DDGS + 
wheat 
middlings 
+ soybean 
hulls 
Fiber – 
free 
diet 
SEM P-
value 
Ileal digesta           
     pH 7.17a 6.44c 6.8b 6.67bc 6.81b 6.79b 6.71bc 7.43a 0.10 <.001 
Acetate 1713.6a 2145.3a 1833.2a 1911.3a 1666.3a 1694.2a 1892.1a 1025.0b 125.62 0.004 
Propionate 100.3b 804.0a 126.2b 154.6b 49.3b 143.2b 147.7b 234.3b 66.35 <.001 
Butyrate 51.6b 282.7a 66.2b 127.7b 49.6b 121.5b 119.1b 129.6b 21.13 <.001 
Isobutyrate 51.8bc 182.9a 22.4c 59.6bc 21.0c 76.4b 66.6bc 23.3bc 12.04 <.001 
Isovalerate 35.1ab 84.3a 4.8b 33.8ab 7.7b 9.9b 45.5ab 48.5ab 12.92 0.116 
Valerate 2.2b 40.8a 1.9b 13.5b 0.0b 1.4b 2.8b 10.9b 4.42 0.010 
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Table 5.14. (Cont.)           
Feces           
      pH 6.28c 7.14a 5.34e 6.19c 5.71d 5.81d 5.89d 6.7b 0.09 <.001 
Acetate 6004.8b 2866.2d 6916.0a 5155.5c 7528.7a 5984.7b 6104.4b 1092.6e 230.43 <.001 
Propionate 1468.0d 1164.9d 2446.6ab 1982.6c 2639.6a 2406.7abc 2214.0bc 481.4e 100.33 <.001 
Butyrate 938.9b 494.0c 1946.1a 1300.7b 1703.7a 1757.5a 1780.6a 287.8c 98.00 <.001 
Isobutyrate 261.2ab 218.4bc 189.1c 275.0a 258.6ab 221.3bc 247.2ab 93.0d 10.84 <.001 
Isovalerate 410.9ab 317.1cd 244.0d 420.3a 329.9bc 292.6cd 319.2cd 156.4e 19.26 <.001 
Valerate 321.8b 176.4cd 264.6bc 325.5b 455.9a 320.7b 432.0a 124.1d 27.42 <.001 
1DDGS = distillers dried grains with solubles. 
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CHAPTER 6:  ARABINOSE AND XYLOSE MAY BE ABSORBED FROM THE SMALL 
INTESTINE OF PIGS, WITH POTENTIAL NEGATIVE EFFECT ON ENERGY 
UTILIZATION 
 
ABSTRACT: An experiment was conducted to test the hypothesis that pentoses that are 
absorbed from the small intestine of pigs have a negative impact on energy utilization. Three 
diets based on maltodextrin, acid casein, and soybean oil were formulated with 15% glucose, 
15% xylose, or 15% arabinose. Twenty-four growing barrows (initial BW: 9.95 ± 0.51 kg) were 
prepared with a T-cannula at the distal ileum and were randomly assigned to the 3 treatment 
diets, with 8 pigs per diet. Experimental diets were fed for 13 d. The initial 5 d was an adaptation 
period to the diet, but fecal and urine samples were collected quantitatively from d 6 to 10, and 
ileal digesta were collected on d 12 and 13. Fresh ileal digesta and feces were also collected on d 
10 and 13, respectively, for pH and VFA concentration analysis. All diets, freeze-dried ileal 
digesta, oven-dried feces, and urine samples were analyzed for energy, DM, nutrients, and 
concentration of free glucose, xylose, and arabinose, and the apparent ileal digestibility (AID) 
and apparent total tract digestibility (ATTD) of these compounds were calculated. Results 
indicated that the AID of GE and OM in pigs fed the arabinose diet was reduced compared with 
pigs fed diets containing glucose or xylose, but no difference was observed for the AID of CP 
and most AA among diets. No differences were observed for the ATTD of GE, DM, and OM, 
DE, N balance, and biological value of N among diets. However, more (P < 0.01) energy was 
excreted in the urine from pigs fed the xylose or arabinose diets compared with pigs fed the 
glucose diet, thereby reducing (P < 0.01) ME in the xylose and arabinose diets compared with 
the glucose diet. The AID of xylose or arabinose (91.04 or 89.19%) was reduced (P < 0.01) 
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compared with glucose (99.80%) and the calculated retention rates of absorbed xylose and 
arabinose were 73.61 and 74.52%, respectively. It is, however, possible that certain metabolites 
from xylose or arabinose metabolism were excreted in the urine and contributed to urine energy 
excretion. If that is the case, the retention of xylose and arabinose may be less than calculated in 
this experiment. In conclusion, dietary pentoses are mostly absorbed prior to the end of the small 
intestine of pigs and may reduce energy utilization, but they do not affect CP utilization in pigs. 
Key words: arabinose, xylose, pentoses, pigs 
 
INTRODUCTION 
Most cereal grains and co-products from cereal grains contain relatively large quantities 
of arabinoxylans, which primarily consist of the 2 pentoses xylose and arabinose (Bach Knudsen, 
2011). Pentoses are not believed to be used in large quantities in animal metabolism because 
primarily hexoses are used in glycolysis and the citric acid cycle to generate ATP and ATP 
producing equivalents (Berg et al., 2002). However, xylose may be absorbed from the intestinal 
tract, but most absorbed xylose is believed to be excreted in the urine from pigs, indicating that 
this monosaccharide is poorly utilized (Schutte et al., 1991). Ileal concentrations of volatile fatty 
acids (VFA) are also increased if xylose is added to the diet indicating that some of the xylose 
may be fermented in the small intestine (Schutte et al., 1991). A similar response to L-arabinose 
has also been reported (Schutte et al., 1992). Inclusion of either xylose or arabinose in the diet 
also reduced the digestibility and retention of CP (Schutte et al., 1991;1992). Based on these 
observations, it is expected that the energetic contribution from dietary pentose sugars is limited, 
which implies that if pentoses via the addition of microbial xylanases are liberated in the small 
intestine, xylanases may have a negative impact on energy utilization in pigs. However, this 
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hypothesis has not been experimentally verified. Therefore, an experiment was conducted to test 
the hypothesis that pentoses absorbed from the small intestine have a negative impact on energy 
and CP utilization.   
 
MATERIALS AND METHODS 
The protocol for this experiment was reviewed and approved by the Institutional Animal 
Care and Use Committee at the University of Illinois.   
Animals, Housing, Diets and Sample Collection 
Three diets based on maltodextrin, soybean oil, and casein were formulated to provide 
the required nutrients for 11 to 25 kg pigs (NRC, 2012; Table 6.1). Each diet included 15% 
glucose, 15% xylose, or 15% arabinose (D-glucose, D-xylose, and L-arabinose were purchased 
from Millipore Sigma, St. Louis, MO). Titanium dioxide was included at 0.40% in all diets as an 
indigestible marker. Twenty four pigs that had a T-cannula installed in the distal ileum were 
randomly assigned to the 3 diets, with 8 pigs per diet. Pigs were provided feed in an amount 
equivalent to 3.2 times the estimated maintenance energy requirement (i.e., 197 kcal ME/kg0.6; 
NRC, 2012) and daily feed allotments were divided into 2 equal meals that were provided at 
1800 and 1700 h. Experimental diets were provided for 13 d. The initial 5 d was an adaptation 
period to the diets, and fecal and urine samples were collected from d 6 to 10 according to the 
marker to marker procedure (Adeola, 2001). Ileal digesta were collected for 12 h on d 12 and 13 
following standard procedures (Stein et al., 2007). Feces and ileal digesta samples were also 
collected on d 10 and 13, respectively, for VFA and pH analysis. The pH was measured directly 
in digesta or feces immediately after collection using a Benchtop pH meter (Orion Star A111, 
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Fisher Scientific, Waltham, MA). For VFA analysis, 5 g of fresh ileal digesta or fresh feces was 
mixed with 5 mL of 2 N HCl and immediately stored at -20°C.  
For urine collection, 20% of the volume was stored daily at – 20°C. At the conclusion of 
the experiment, urine was thawed, filtered through a cheesecloth, subsampled, and freeze-dried 
for analysis. The ileal digesta were thawed, sub-sampled, lyophilized, and then ground. Fecal 
samples were also thawed, mixed, dried for 72 h in a 650C drying oven, and ground for analysis. 
Chemical Analyses 
All diets, ingredients, feces, and ileal digesta samples were analyzed for DM (Method 
930.15; AOAC Int., 2007) and ash (Method 942.05; AOAC Int., 2007). All diets, ingredients, 
urine, ileal digesta, and feces samples were analyzed for GE using bomb calorimetry (Model 
6300; Parr Instruments, Moline, IL), with benzoic acid used as a calibration standard. All diets, 
ingredients, ileal digesta, and feces samples were analyzed for CP (Method 990.03; AOAC Int., 
2007) using a LECO FP628 Nitrogen/Protein apparatus (LECO Corporation, Saint Joseph, MI) 
and urine samples were analyzed for CP using the Kjeldahl procedure on a KjeltecTM 8400 
protein analyzer (FOSS Inc., Eden Prairie, MN). All ingredient, diet, urine, ileal digesta, and 
fecal samples were analyzed for glucose, xylose, and arabinose by ion chromatography with 
pulsed amperometric detection (IC-PAD) on a Thermo Scientific™ Dionex™ ICS-5000 system 
(Thermo Fisher Scientific, Sunnyvale, CA). All diets and ileal digesta samples were also 
analyzed for AA on a Hitachi Amino Acid Analyzer, Model No. L8800 (Hitachi High 
Technologies America, Inc., Pleasanton, CA) using ninhydrin for postcolumn derivatization and 
norleucine as the internal standard. Prior to analysis, samples were hydrolyzed with 6N HCl for 
24 h at 110°C (Method 982.30 E (a); AOAC Int., 2007). Methionine and Cys were determined as 
Met sulfone and cysteic acid after cold performic acid oxidation overnight before hydrolysis 
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(Method 982.30 E (b); AOAC Int., 2007). Tryptophan was determined after NaOH hydrolysis 
for 22 h at 110°C (Method 982.30 E (c); AOAC Int., 2007). All diets and ileal digesta samples 
were analyzed for Ti (Myers et al., 2004). Concentrations of VFA in the diluted samples of ileal 
digesta and feces were determined using a Hewlett-Packard (HewlettPackard, Avondale, PA) 
Model 5890A gas chromatograph equipped with a flame ionization detector (FID) on a column 
(1.8 m x 4 mm i.d.) packed with GP 10% SP-1200/1% H3P04 on 80/100 chromosorb W/AW 
(Chromosorb® W/AW-DMCS, Supelco, Bellefonte, PA). Carrier gas was nitrogen, with a flow 
rate of 45 mL/min. The oven, injection port, and detector port temperatures were 125, 175, and 
180°C, respectively. 
Calculations 
The apparent ileal digestibility (AID) of energy, CP, AA, glucose, xylose, and arabinose 
was calculated (Stein and Bohlke, 2007). The apparent total tract digestibility (ATTD) of energy, 
DM, and nutrients in each diet was also calculated (Stein et al., 2007; NRC, 2012). The 
proportion of each sugar excreted in the urine and the retention of CP were calculated and DE 
and ME for each diet were calculated (Schutte et al., 1991;1992). Balance of N, glucose, xylose, 
and arabinose was also calculated (Schutte et al., 1991;1992). 
Statistical Analysis 
Data were analyzed using the MIXED procedure of SAS, with pig as the experimental 
unit. Analysis of variance was used to compare the DE and ME, VFA concentrations, and also 
AID values for glucose, xylose, arabinose, GE, CP, and AA, ATTD of GE and CP among 
experimental diets, and balance of N, glucose, xylose, and arabinose. Least square means were 
calculated for each independent variable and means were separated using the PDIFF option in 
SAS. Significance among dietary treatments was determined at P ≤ 0.05 for all analyses. 
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RESULTS 
Analyzed nutrient composition of experimental diets is presented in Table 6.2. 
The AID of GE and OM by pigs fed the arabinose diet was reduced (P < 0.05) compared 
with pigs fed the glucose or xylose diets (Table 6.3), and pigs fed the arabinose diet had reduced 
(P < 0.05) AID of DM compared with pigs fed the glucose diet. The AID of ash in the glucose 
diet was also reduced (P < 0.05) compared with the xylose diet. No differences were observed 
for the AID of CP among diets. Also, no differences in the AID of GE, DM, and OM were 
observed between glucose and xylose diets. The AID of Lys in the arabinose diet was greater (P 
< 0.05) than in the glucose or xylose diets, but the AID of Trp in the arabinose diet was reduced 
(P < 0.05) compared with the glucose diet. However, for all other AA, no differences among 
diets were observed. 
The ATTD of CP in the arabinose diet was reduced (P < 0.05) compared with glucose or 
xylose diets (Table 6.4), but the ATTD of ash in the arabinose diet was greater (P < 0.05) than in 
the glucose diet. The concentration of ME in the glucose diet was also greater (P < 0.05) than in 
xylose and arabinose diets. No differences in the ATTD of GE, DM, OM, or DE were observed 
among diets. 
Ileal Digesta and Fecal pH and VFA Concentrations 
No differences were observed for the pH of ileal digesta among diets (Table 6.5). 
However, the pH of feces from pigs fed the arabinose diet was reduced (P < 0.05) compared with 
the pH in feces from pigs fed the xylose diet, but no difference was observed between pigs fed 
glucose and xylose diets. 
186 
 
 
The concentration of acetate in the ileal digesta of pigs fed the arabinose diet was reduced 
(P < 0.05) compared with pigs fed the xylose diet and ileal digesta concentration of propionate 
from pigs fed the arabinose diet was reduced (P < 0.05) compared with pigs fed the glucose or 
xylose diets. The concentration of butyrate and isovalerate in ileal digesta from pigs fed the 
arabinose diet was reduced (P < 0.05) compared with the concentration in ileal digesta from pigs 
fed the glucose diet, but no differences were observed between arabinose and xylose diets. The 
concentration of isobutyrate in the ileal digesta from pigs fed the xylose diet was greater (P < 
0.05) than in ileal digesta from pigs fed glucose or arabinose diets. However, no differences in 
the ileal digesta concentration of acetate, propionate, butyrate, and isovalerate were observed 
between glucose and xylose diets and no differences were observed in the ileal digesta 
concentration of valerate among diets. 
The concentration of acetate, propionate, isovalerate, and valerate in the feces from pigs 
fed the glucose diet was reduced (P < 0.05) compared with feces from pigs fed xylose or 
arabinose diets. The concentration of butyrate and isobutyrate in feces from pigs fed the glucose 
diet was reduced (P < 0.05) compared with feces from pigs fed the arabinose diet, but not 
compared with the xylose diet. No differences were observed between xylose and arabinose diets 
in concentrations of VFA in the feces. 
Nitrogen and Free Sugar Balance of Pigs 
Daily feed intake, daily N intake, and daily absorbed N by pigs fed the xylose diet was 
greater (P < 0.05) than by pigs fed the glucose diet, whereas pigs fed the arabinose diet were 
intermediate (Table 6.6). Percent N in feces of pigs fed the arabinose diet was greater (P < 0.05) 
than in feces from pigs fed the glucose or xylose diets. Daily fecal N output for pigs fed the 
glucose diet was reduced (P < 0.05) compared with pigs fed the xylose or arabinose diets. 
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However, percent N in urine from pigs fed the glucose diet was greater (P < 0.05) than from pigs 
fed xylose or arabinose diets. No differences were observed among diets in daily feces output, 
ATTD of N, daily urine output of N, N retention, metabolized N, retained N, or biological value 
of N. 
Pig intake of xylose was greater (P < 0.05) than intake of glucose, but no difference was 
observed between the intake of xylose and arabinose (Table 6.7). Amount of urine and 
percentage of sugar in the urine from pigs infused with xylose was greater (P < 0.05) than from 
pigs infused with glucose, but no difference was observed between xylose and arabinose. The 
AID of xylose and arabinose was reduced (P < 0.01) compared with glucose but the output of 
xylose and arabinose in the urine was greater (P < 0.01) than the output of glucose. The ATTD 
of glucose, xylose, and arabinose was 100% (Table 6.8). Daily ileal and total tract absorption of 
xylose was greater (P < 0.05) than the absorption of glucose, but no difference was observed 
between xylose and arabinose. The ileal and total tract retention rate of xylose and arabinose was 
reduced (P < 0.05) compared with the retention rate for glucose, but no differences were 
observed for the daily ileal and total tract retention among free sugars.  
 
DISCUSSION 
The analyzed nutrient composition of diets was in agreement with calculated values. 
The observed AID of D-glucose and D-xylose was in agreement with previous data 
(Schutte et al., 1991; Yule and Fuller, 1992) and the AID of L-arabinose was greater than 
published data (Schutte et al., 1992). The disappearance of glucose or pentoses from the small 
intestine may be a result of absorption or microbial fermentation of these sugars prior to the end 
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of the small intestine (Fowler and Cooke, 1960; Csaky and Ho, 1965; Huntley and Patience, 
2018). 
The observed reduction in the AID of GE, DM, and OM by pigs fed the arabinose diet is 
in agreement with previous data (Schutte et al., 1992), which indicates that arabinose has a 
negative effect on the ileal digestibility of GE and OM in pigs. This observation may be 
associated with the undigested portion of arabinose at the terminal ileum (Schutte et al., 1992). 
The lack of differences in the AID of CP and most AA among diets indicates that pentoses have 
no negative effect on the ileal digestion and absorption of CP and AA, although a negative 
response has been reported previously (Schutte et al., 1991;1992). However, the only protein 
source in the diets used in the present experiment was casein, which is highly digestible. The 
observation that there were no differences in N retention among diets also indicates that pentoses 
did not reduce the utilization of absorbed N. The greater metabolized concentration of glucose 
compared with xylose or arabinose indicates that the body utilizes glucose better than xylose or 
arabinose, which is likely because glucose is the primary fuel for glycolysis. 
The observation that there were no differences in ATTD of GE and the concentration of 
DE among diets indicates that pentoses do not influence the digestibility of energy in the diet, 
which has also been previously reported (Verstegen et al., 1997). However, the reduction in ME 
that was observed in the xylose and arabinose diets compared with the glucose diet is a result of 
the increase in GE being excreted in the urine of pigs fed the xylose or arabinose diets (Schutte et 
al., 1992; Verstegen et al., 1997). This may indicate that some of the absorbed xylose and 
arabinose was excreted in the urine and analyzed as energy. However, the analyzed percentage of 
pentoses in the urine was less than published data (Schutte et al., 1991;1992; Verstegen et al., 
1997) and the calculated retention rates of xylose and arabinose were high. This observation may 
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indicate that certain metabolites from xylose or arabinose were excreted in the urine and were 
analyzed as energy but not included in the analyzed values for xylose and arabinose (Huntley 
and Patience, 2018). If that is the case, then the calculated values for retention of xylose and 
arabinose may be overestimated. 
In conclusion, approximately 90% of dietary xylose and arabinose disappeared from the 
small intestine, which indicates that xylose and arabinose were either absorbed or fermented by 
microbes in the small intestine. No differences in the AID of CP and most AA, N balance, or 
biological value of N were observed among diets, indicating that xylose or arabinose did not 
influence CP utilization in pigs. No differences in ATTD of GE were observed among diets, but 
diets containing xylose or arabinose had reduced ME compared with the glucose diet because of 
increased excretion of energy in the urine. 
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TABLES 
Table 6.1. Ingredient composition and calculated chemical composition of experimental diets 
Item Glucose Xylose Arabinose 
Ingredient, %    
Maltodextrin 58.70 58.70 58.70 
Casein 20.00 20.00 20.00 
Soybean oil 3.00 3.00 3.00 
Limestone 0.97 0.97 0.97 
Dicalcium phosphate 1.35 1.35 1.35 
Glucose 15.00 - - 
D-xylose - 15.00 - 
L-arabinose - - 15.00 
L-Threonine 0.03 0.03 0.03 
Titanium dioxide 0.40 0.40 0.40 
Salt 0.40 0.40 0.40 
Vitamin-mineral premix1 0.15 0.15 0.15 
Calculated values2    
 ME, kcal/kg 3,726 3,726 3,726 
 CP, % 17.79 17.79 17.79 
 Ca, % 0.71 0.71 0.71 
 STTD P3, % 0.34 0.34 0.34 
Amino acids4, %    
Arg 0.59 0.59 0.59 
His 0.50 0.50 0.50 
Ile 0.85 0.85 0.85 
Leu 1.60 1.60 1.60 
Lys 1.33 1.33 1.33 
Met 0.49 0.49 0.49 
Met + Cys 0.57 0.57 0.57 
Phe 0.86 0.86 0.86 
Thr 0.73 0.73 0.73 
Trp 0.26 0.26 0.26 
Val 1.12 1.12 1.12 
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Table 6.1. (Cont.) 
 1Provide the following quantities of vitamins and micro-minerals per kilogram of  
complete diet: vitamin A as retinyl acetate, 11,150 IU; vitamin D3 as cholecalciferol, 
2,210 IU; vitamin E as selenium yeast, 66 IU; vitamin K as menadione nicotinamide bisulfate, 
1.42 mg; thiamin as thiamine mononitrate, 1.10 mg; riboflavin, 6.59 mg; pyridoxine as 
pyridoxine hydrochloride, 1.00 mg; vitamin B12, 0.03 mg; D-pantothenic acid as D-calcium 
pantothenate, 23.6 mg; niacin, 44.1 mg; folic acid, 1.59 mg; biotin, 0.44 mg; Cu, 20 mg as 
copper chloride; Fe, 125 mg as iron sulfate; I, 1.26 mg as ethylenediamine dihydriodide; Mn, 
60.2 mg as manganese hydroxychloride; Se, 0.30 mg as sodium selenite and selenium yeast; and 
Zn, 125.1 mg as zinc hydroxychloride. 
2Calculated from NRC (2012). 
3STTD = standardized total tract digestible. 
4Amino acids are indicated as standardized ileal digestible AA.
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Table 6.2. Analyzed nutrient composition of diets, as-fed basis 
Item Glucose Xylose Arabinose 
GE, kcal/kg 4,155 4,130 4,165 
DM, % 94.82 94.30 94.29 
Ash 2.74 3.59 3.45 
OM, % 92.07 90.71 90.84 
CP (N × 6.25), % 17.14 18.08 17.26 
Ca, % 0.76 0.71 0.60 
P, % 0.48 0.47 0.42 
Indispensable amino acids, % 
Arg 0.69 0.63 0.58 
His 0.56 0.51 0.54 
Ile 1.04 0.95 0.93 
Leu 1.82 1.67 1.63 
Lys 1.56 1.43 1.38 
Met 0.52 0.48 0.47 
Phe 1.02 0.93 0.89 
Thr 0.83 0.77 0.74 
Trp 0.23 0.25 0.22 
Val 1.28 1.17 1.17 
Dispensable AA, %    
  Ala 0.59 0.54 0.52 
  Asp 1.36 1.25 1.21 
  Cys 0.08 0.07 0.07 
  Glu 4.33 3.95 3.88 
  Gly 0.37 0.33 0.32 
  Pro 2.09 1.92 1.98 
  Ser 0.99 0.9 0.9 
  Tyr 0.96 0.86 0.81 
Total AA, % 20.32 18.61 18.24 
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Table 6.3. Apparent ileal digestibility of energy, DM, and nutrients by pigs fed experimental 
diets, %1 
Item Glucose Xylose Arabinose SEM P-value 
GE 94.61a 92.00a 88.47b 1.09 0.003 
DM 93.30a 92.71ab 90.47b 0.79 0.048 
Ash 16.20b 35.45a 24.46ab 5.86 0.093 
OM 95.85a 94.14a 91.11b 0.80 0.002 
CP (N × 6.25) 89.90  88.74  87.42  1.40 0.463 
Indispensable amino acids 
Arg 92.3  90.6  90.2  1.05 0.315 
His 94.8  94.0  94.4  0.62 0.680 
Ile 94.4  92.9  92.7  0.75 0.217 
Leu 95.1  93.8  93.6  0.69 0.239 
Lys 94.9b 94.6b 96.9a 0.57 0.024 
Met 96.7  96.0  96.2  0.41 0.480 
Phe 94.6  93.0  92.7  0.78 0.213 
Thr 87.1  84.8  84.3  1.33 0.303 
Trp 93.2a 91.4ab 88.6b 1.31 0.063 
Val 92.2  90.4  90.4  0.97 0.329 
Total 
indispensable 
93.7  92.3  92.5  0.78 0.430 
Dispensable AA      
  Ala 87.3  85.1  84.7  1.62 0.477 
  Asp 91.1  89.5  89.2  1.15 0.468 
  Cys 61.5  44.9  45.1  5.76 0.081 
  Glu 94.6  93.9  93.4  0.95 0.686 
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Table 6.3. (Cont.) 
 
     
  Gly 70.0  61.8  57.8  4.88 0.212 
  Pro 95.9  94.9  94.9  0.49 0.254 
  Ser 91.7a 89.5ab 88.4b 1.07 0.104 
  Tyr 95.2  93.9  93.8  0.67 0.275 
Total 92.7  91.2  90.8  1.01 0.373 
Total AA 93.2  91.7  91.6  0.89 0.393 
a-bValues within a row lacking a common superscript letter are different (P < 0.05). 
1Data are means of 8 observations per treatment. 
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Table 6.4. Apparent total tract digestibility of energy, DM, and nutrients, and the DE and ME of 
experimental diets, as-fed basis1 
a-bValues within a row lacking a common superscript letter are different (P < 0.05). 
1Data are means of 8 observations per treatment. 
Item Glucose Xylose Arabinose SEM P-value 
GE, % 97.89  97.64  97.55  0.32  0.740 
DM, % 97.74  97.58  97.89  0.30 0.769 
Ash, % 64.67b 72.98ab 81.46a 4.59 0.055 
OM, % 98.73  98.55  98.51  0.19 0.683 
CP (N × 6.25), % 78.51a 77.02a 69.02b 1.85 0.003 
DE, kcal/kg 4068  4032  4063  13.13 0.145 
ME, kcal/kg 3858a 3550b 3569b 35.69 <.001 
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Table 6.5. pH and volatile fatty acid concentrations (µmol/g, as-is basis), in ileal digesta and 
feces from pigs fed experimental diets1 
Item Glucose Xylose Arabinose SEM P-value 
Ileal digesta      
     pH 7.27  6.82  6.98  0.16 0.162 
Acetate 12.82ab 16.21a 5.76b 2.59 0.031 
Propionate 2.96a 2.89a 0.68b 0.62 0.026 
Butyrate 0.82a 0.46ab 0.08b 0.15 0.009 
Isobutyrate 0.18b 2.24a 0.00b 0.57 0.022 
Isovalerate 0.26a 0.18ab 0.04b 0.06 0.056 
Valerate 0.08  0.12  0.00  0.04 0.137 
Feces      
      pH 6.71ab 6.85a 6.55b 0.06 0.004 
Acetate 18.42b 30.70a 37.90a 3.94 0.008 
Propionate 5.55b 10.85a 14.82a 1.78 0.005 
Butyrate 3.43b 6.23ab 9.84a 1.44 0.015 
Isobutyrate 1.26b 2.49ab 3.12a 0.44 0.020 
Isovalerate 1.94b 3.95a 4.75a 0.64 0.014 
Valerate 0.97b 3.47a 4.11a 0.68 0.009 
a-bValues within a row lacking a common superscript letter are different (P < 0.05). 
1Data are means of 8 observations per treatment. 
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Table 6.6. Nitrogen balance of pigs fed experimental diets1 
Item Glucose Xylose Arabinose SEM P-value 
Feed intake, kg/d 0.38b 0.48a 0.43ab 0.02 0.015 
N intake, kg/d 10.55b 13.32a 12.02ab 0.61 0.015 
Feces, g/d 0.01  0.01  0.01  0.00 0.285 
Feces N, % 3.44b 3.68b 4.95a 0.30 0.003 
Feces N output, g/d 0.27b 0.39a 0.42a 0.04 0.027 
ATTD of N, % 97.44  97.03  96.39  0.42 0.221 
Urine, kg/d 0.75b 2.76a 2.43ab 0.67 0.099 
Urine N, % 0.51a 0.29b 0.20b 0.07 0.012 
Urine N output, g/d 3.30  4.17  3.77  0.30 0.146 
N retention, % 65.87  65.18  68.40  2.68 0.685 
Metabolized N, % 67.60  67.16  70.76  2.70 0.609 
Absorbed N, g/d 10.28b 12.93a 11.61ab 0.62 0.023 
Retained N, g/d 6.98  8.76  7.83  0.69 0.214 
Biological value of N, % 67.60  67.16  66.15  0.04 0.944 
a-bValues within a row lacking a common superscript letter are different (P < 0.05). 
1Data are means of 8 observations per treatment. 
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Table 6.7. Balance of free glucose, xylose, and arabinose calculated from corresponding diets 
(ileal)1,2 
Item Glucose Xylose Arabinose SEM P-value 
Feed intake, kg/d 0.38
b 0.48a 0.43ab 0.02 0.015 
Free sugars intake, g/d 55.69
b 70.31a 63.47ab 3.23 0.015 
AID3 of free sugars, % 99.80a 91.04b 89.19b 2.37 0.010 
Absorbed free sugars, g/d 55.58  64.01  56.61  3.23 0.322 
Urine, kg/d 0.75b 2.76a 2.43ab 0.67 0.099 
Urine free sugars, % 0.17
b 0.76a 0.50ab 0.12 0.007 
Urine output of free sugars, g/d 1.20
b 14.12a 9.61a 1.93 <.001 
Retention rate of free sugars, % 97.70a 73.61b 74.52b 3.22 <.001 
Retained free sugars, g/d 54.38  51.71  47.21  3.24 0.499 
a-bValues within a row lacking a common superscript letter are different (P < 0.05). 
1Data are means of 8 observations per treatment. 
2Balance of free glucose, xylose, or arabinose was calculated from diets containing 
glucose, xylose, or arabinose, respectively. 
3AID = apparent ileal digestibility.
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Table 6.8. Balance of free glucose, xylose, and arabinose calculated from corresponding diets 
(total tract)1,2 
Item Glucose Xylose Arabinose SEM P-value 
Feed intake, kg/d 0.38
b 0.48a 0.43ab 0.02 0.015 
Free sugars intake, kg/d 55.69
b 70.31a 63.47ab 3.23 0.015 
Feces, kg/d 0.01  0.01  0.01  0.00 0.285 
Feces  free sugars, % 0.04a 0.01b 0.00b 0.01 <.001 
Feces  free sugars, g/d 0.00  0.00  0.00  0.00 0.122 
ATTD3 of  free sugars, % 100.00  100.00  100.00  0.00 0.005 
Absorbed  free sugars, g/d 55.69b 70.31a 63.47ab 3.23 0.015 
Urine, kg/d 0.75b 2.76a 2.43ab 0.67 0.099 
Urine  free sugars, % 0.17
b 0.76a 0.50ab 0.12 0.007 
Urine  free sugars, g/d 1.20
b 14.12a 9.61a 1.93 <.001 
Retention rate of free sugars, % 97.89a 80.27b 84.86b 2.43 <.001 
Retained  free sugars, g/d 54.48  56.18  53.86  3.04 0.856 
a-bValues within a row lacking a common superscript letter are different (P < 0.05). 
1Data are means of 8 observations per treatment. 
2Balance of free glucose, xylose, or arabinose was calculated from diets containing 
glucose, xylose, or arabinose, respectively. 
3ATTD = apparent total tract digestibility. 
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CHAPTER 7: XYLOSE AND ARABINOSE MAY BE PARTLY ABSORBED FROM THE 
HINDGUT OF PIGS, AND MAYBE EXCRETED IN URINE RATHER THAN BEING 
FERMENTED 
 
ABSTRACT: An experiment was conducted to test the hypothesis that pentoses cannot be 
absorbed from the hindgut, but instead are fermented in the large intestine. Twenty-one growing 
barrows (initial BW: 18.02 ± 1.1 kg) were prepared with a T-cannula at the end of the small 
intestine and were randomly allotted to 3 treatments, with 7 pigs per treatment. A diet based on 
corn starch, casein, and 15% glucose was formulated. The initial 3 d of the feeding period was an 
adaptation period to the diet. On d 4, 5, 6, 7, 8, 9, 10, and 11, saline, xylose, or arabinose (3% of 
the weight of daily feed allowance) was infused into the cecum of the pigs via the ileal cannula. 
The impact of xylose and arabinose on energy utilization, excretion of pentoses in urine and 
feces, and on concentration of fecal VFA were determined. Infused xylose or arabinose was 
analyzed in the urine, but not in feces, of pigs infused with pentoses, indicating that infused 
pentoses were partially absorbed from the hindgut of pigs. The pH of feces from pigs infused 
with arabinose was reduced (P < 0.05) and the concentration of some VFA of feces from pigs 
infused with xylose was improved (P < 0.05) indicating fermentation of some of the infused 
pentoses in the hindgut. However, no differences were observed for the ATTD of GE, DM, ash, 
and OM, or in DE and ME of the diets indicating that the infused pentoses made no contribution 
to the energy status of the pig. In conclusion, pentoses are partially absorbed from the hindgut of 
pigs, but are subsequently excreted in the urine. In addition, it appears that fermentation of 
pentoses in the hindgut of pigs may not always result in an improvement in the DE or ME of 
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diets. However, more research is needed to elucidate the exact fate of pentoses liberated in the 
hindgut of pigs. 
Key words: arabinose, xylose, pentoses, pigs 
 
INTRODUCTION 
The fiber fraction in most cereals and cereal co-products consists of cellulose, 
arabinoxylans, lignin, and other components (Bach Knudsen, 1997). In most cereals and cereal 
co-products, arabinoxylans are more than 50% of the total fiber fraction (Jaworski et al., 2015), 
but most of the arabinoxylans are not fermented in the digestive tract of pigs. Therefore, 
microbial xylanases have been extensively researched in diets for pigs to improve the utilization 
of energy in cereals and cereal co-products. However, if inclusion of microbial xylanase results 
in hydrolysis of arabinoxylans into xylose and arabinose in the small intestine, digestibility and 
retention of CP may be reduced (Schutte et al., 1991;1992). In contrast, if microbial xylanase 
results in breakdown of arabinoxylans to oligosaccharides, it may be possible for the microbes in 
the hindgut to ferment these oligosaccharides with a subsequent synthesis and absorption of 
volatile fatty acids (VFA), which is expected to have a positive impact on energy utilization. 
However, it is not known to which extent xylose and arabinose are fermented in the hindgut of 
pigs and it is also not known if xylose and arabinose that may be liberated during fermentation of 
arabinoxylans can be absorbed from the hindgut. If xylose and arabinose are absorbed, they may 
be excreted in the urine, but the extent to which this takes place is not known. Therefore, an 
experiment was conducted to test the hypothesis that xylose and arabinose that are liberated in 
the hindgut of pigs during fermentation are fermented resulting in increased synthesis of short-
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chain fatty acids, reduced pH in feces, and increased contribution to the energy status of growing 
pigs.  
 
MATERIALS AND METHODS 
The protocol for this experiment was approved by the Institutional Animal Care and Use 
Committee at the University of Illinois. Pigs that were the offspring of PIC L359 boars mated to 
Camborough females (Pig Improvement Company, Hendersonville, TN) were used. 
Animals, Housing, Diets, and Experimental Design 
A diet containing corn starch, casein, and 15% glucose was formulated to meet the 
nutrient requirement for 11 to 25 kg pigs (NRC, 2012; Table 7.1). Twenty-one pigs (initial BW: 
18.02 ± 1.1 kg) were fitted with a T-cannula in the distal ileum and randomly allotted to 3 
treatments, for a total of 7 pigs per treatment. Pigs were fed the experimental diet in an amount 
equal to 3.2 times the energy requirement for maintenance (i.e., 197 kcal ME/kg0.6; NRC, 2012). 
The initial 3 d of the feeding period was an adaptation period to the diet. On d 4, 5, 6, 7, 8, 9, 10, 
and 11, saline, xylose, or arabinose (3% of the weight of daily feed allowance) was infused into 
the cecum of the pigs via the ileal cannula with 1.5% infused at 0700 h and 1.5% infused at 1700 
h. Feces and urine samples were collected from d 6 to 10 following the marker to marker 
procedure (Adeola, 2001). Two fresh fecal samples were collected on d 11 via anal stimulation 
for VFA and pH analysis. The pH in one of these samples was measured using a Benchtop pH 
meter (Orion Star A111, Fisher Scientific, Waltham, MA). The second sample of feces was mixed 
with 2N HCl in a 1:1 ratio and immediately stored at -20°C for later analysis for VFA. 
Urine was collected from d 6 to 10 and 20% of the volume was stored at -20°C. At the 
end of the experiment, urine was thawed, filtered through a cheesecloth, subsampled, and 
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lyophilized (Kim et al., 2009). The fecal samples that were collected from d 6 to 10 were also 
thawed, mixed, dried for 72 h in a 650C drying oven, and ground before analysis. 
Chemical Analyses 
All diet and fecal samples were analyzed for DM (Method 930.15; AOAC Int., 2007) and 
ash (Method 942.05; AOAC Int., 2007). All diet, fecal, and urine samples were analyzed for GE 
using bomb calorimetry (Model 6400; Parr Instruments, Moline, IL), with benzoic acid used as a 
calibration standard. The diet was analyzed for CP (Method 990.03; AOAC Int., 2007) using a 
LECO FP628 Nitrogen/Protein apparatus (LECO Corporation, Saint Joseph, MI) and for AA on 
a Hitachi AA Analyzer, Model No. L8800 (Hitachi High Technologies America, Inc., 
Pleasanton, CA) using ninhydrin for postcolumn derivatization and norleucine as the internal 
standard (Method 982.30 E (a, b, c); AOAC Int., 2007). The diet was also analyzed for Ca and P 
by inductively coupled plasma-optical emission spectrometry (Method 985.01 A, B, and C; 
AOAC Int., 2007) after wet ash sample preparation [Method 975.03 B(b); AOAC Int., 2007]. 
The diet, fecal, and urine samples were analyzed for glucose, xylose, and arabinose using 
ion chromatography with pulsed amperometric detection (IC-PAD) on a Thermo Scientific™ 
Dionex™ ICS-5000 system (Thermo Fisher Scientific, Sunnyvale, CA). Concentrations of VFA 
were determined in the fecal samples that were mixed with 2N HCl using a Hewlett-Packard 
(Hewlett Packard, Avondale, PA) Model 5890A gas chromatograph equipped with a flame 
ionization detector (FID) on a column (1.8 m x 4 mm i.d.) packed with GP 10% SP-1200/1% 
H3P04 on 80/100 chromosorb W/AW (Chromosorb® W/AW-DMCS, Supelco, Bellefonte, PA). 
The carrier gas was nitrogen that was used with a flow rate of 45 mL/min. The oven, injection 
port, and detector port temperatures were 125, 175, and 180°C, respectively. 
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Calculations and Statistical Analysis 
The apparent total tract digestibility (ATTD) of GE, DM, ash, and OM for each treatment 
was calculated (Stein et al., 2007). The concentration of each sugar excreted in the urine and 
feces and the DE and ME for each treatment were also calculated (NRC, 2012). Concentrations 
of VFA in the feces were also calculated. 
Data were analyzed using the MIXED procedure of SAS, with pig as the experimental 
unit. An analysis of covariance was used to compare the DE, ME, ATTD of GE, DM, OM, and 
ash, and urinary and fecal xylose and arabinose concentrations among treatments. Least square 
means were calculated for each independent variable and means were separated using the PDIFF 
option. Significance among dietary treatments was determined at P ≤ 0.05 for all analyses. 
 
RESULTS 
Analyzed nutrient composition of the diet fed to all pigs is presented in Table 7.2. 
  No difference was observed in the ATTD of GE, DM, ash, and OM among treatments 
(Table 7.3). There was also no difference in the DE and ME of the diets among treatments.  
The pH of feces from pigs infused with arabinose was reduced (P < 0.05) compared with 
feces from pigs infused with saline or xylose (Table 7.4). The concentration of butyrate and 
isobutyrate in the feces from pigs infused with xylose was greater (P < 0.05) compared with 
feces from pigs infused with saline, but not different from the concentration in feces from pigs 
infused with arabinose. The concentration of isovalerate in feces from pigs infused with xylose 
was greater (P < 0.05) compared with feces from pigs infused with saline or arabinose and the  
concentration of valerate in feces from pigs infused with xylose or arabinose was greater (P < 
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0.05) than the concentration in the feces from pigs infused with saline. No difference was 
observed among treatments for concentrations of acetate and propionate.  
 No difference among treatments was observed for the concentration of glucose (Table 
7.5). The concentration of xylose in the urine from pigs infused with xylose was greater (P < 
0.05) compared with pigs infused with saline or arabinose. The concentration of arabinose in the 
urine from pigs infused with arabinose was also greater (P < 0.05) compared with pigs infused 
with saline or xylose. The concentration of xylose and arabinose in the urine from pigs infused 
with xylose or arabinose represents 11.11 and 7.13% of the total amount of sugar infused, 
respectively. No glucose, xylose, or arabinose was detected in the feces of pigs. 
  
 
DISCUSSION 
The observation that xylose and arabinose were excreted in the urine indicates that there 
is some absorption of xylose and arabinose from the hindgut of pigs, assuming that none of the 
infused xylose or arabinose was absorbed before the cecum. The total absorption of xylose or 
arabinose may actually be greater than 11% because xylose and arabinose may also be 
metabolized after absorption. It is also possible that metabolites such as threitol from xylose 
metabolism were excreted in the urine (Huntley and Patience, 2018), however, these compounds 
were not analyzed in this experiment. The fact that xylose and arabinose were analyzed in the 
urine clearly indicates that both pentoses may be absorbed from the cecum or colon of pigs. This 
discovery is surprising and indicates that not all liberated xylose and arabinose is fermented in 
the hindgut of pigs. Absorption of arabinose and xylose from the colon indicates that pigs may 
express the GLUT5 transporter in the hindgut because this transporter is believed to be needed to 
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facilitate absorption of xylose and arabinose (Xu et al., 2012), although passive diffusion and 
sodium-dependent active transport systems have been also associated with xylose absorption 
(Huntley and Patience, 2018). It was demonstrated that GLUT5 mRNA is expressed in the 
proximal and middle part of the small intestine, but not in the large intestine of rats (Yoshikawa 
et al., 2011), and to our knowledge, no data demonstrating expression of the GLUT5 transporter 
in the hindgut of pigs have been reported. Nevertheless, if it is assumed that some liberated 
pentoses are absorbed from the hindgut and that the absorbed pentoses are excreted in the urines, 
it may be concluded that hydrolysis of arabinoxylans in the hindgut of pigs may not always result 
in a positive contribution to the energetic status of the pig. This possible mechanism also 
explains why increased fermentation of fiber does not always result in an increased DE or ME of 
diets (Chapter 3 of this dissertation). 
 If this mechanism can be confirmed, it may have implications for the use of xylanase and 
other carbohydrases in diets fed to pigs. It has been assumed that hydrolysis of arabinoxylans 
will result in increased hindgut fermentation and therefore increased synthesis of VFA that can 
be absorbed and utilized by the pig (Schutte et al., 1991; Kiriyama et al., 1992; Schutte et al., 
1992), but if a significant quantity of liberated pentoses is absorbed, less VFA will be 
synthesized. However, the observation that pH in feces from pigs infused with arabinose was 
reduced, and the presence of greater concentrations of some VFA in the feces from pigs infused 
with xylose or arabinose compared with pigs infused with saline indicates that some of the 
infused pentoses were fermented, and resulted in synthesis of VFA. The observation that 
regardless of infusion of arabinose or xylose, no pentoses were detected in the feces further 
demonstrate that pentoses that were not absorbed were indeed fermented in the hindgut. 
However, the proportion of the infused pentoses that were fermented and the proportion that was 
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absorbed and metabolized could not be determined in this experiment and further research is, 
therefore, needed to make conclusions about the quantitative contribution of energy from 
fermented pentoses. 
The lack of differences in DE and ME among treatments may indicate that there is no 
energetic contribution from absorbed or fermented pentoses. However, the quantity infused was 
only 3% of total energy intake, which may have precluded measurable changes in DE and ME. 
However, the lack of changes in DE and ME may also be a result of the absorption and 
subsequent excretion in the urine of the infused pentoses. 
In conclusion, no differences were observed for the ATTD of GE, DM, ash, and OM, or 
in DE and ME among treatments. However, the pH in feces was reduced if arabinose was 
infused indicating increased fermentation in the hindgut. Presence of xylose or arabinose in the 
urine indicates absorption of these sugars in the hindgut of the pigs. However, the quantity of 
xylose or arabinose that was infused in this experiment did not contribute to a measurable 
decrease in ME, but additional research is needed to determine the exact fate of liberated 
pentoses in the hindgut of pigs.
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TABLES  
Table 7.1. Ingredient composition and calculated chemical composition of the experimental diet 
Item Glucose diet 
Ingredient, %  
Corn starch 58.70 
Casein 20.00 
Soybean oil 3.00 
Limestone 0.97 
Dicalcium phosphate 1.35 
Glucose 15.00 
L-Threonine 0.03 
Titanium dioxide 0.40 
Salt 0.40 
Vitamin-mineral premix1 0.15 
Calculated values2  
 ME, kcal/kg 3726 
 CP, % 17.79 
 Ca, % 0.71 
 STTD P3, % 0.39 
Amino acids4, %  
Arg 0.59 
His 0.50 
Ile 0.89 
Leu 1.65 
Lys 1.13 
Met 0.50 
Met + Cys 0.59 
Phe 0.90 
Thr 0.78 
Trp 0.27 
Val 1.16 
1Provide the following quantities of vitamins and micro-minerals per kilogram of 
complete diet: vitamin A as retinyl acetate, 11,150 IU; vitamin D3 as cholecalciferol, 2,210 IU; 
vitamin E as selenium yeast, 66 IU; vitamin K as menadione nicotinamide bisulfate, 1.42 mg; 
thiamin as thiamine mononitrate, 1.10 mg; riboflavin, 6.59 mg; pyridoxine as pyridoxine 
hydrochloride, 1.00 mg; vitamin B12, 0.03 mg; D-pantothenic acid as D-calcium pantothenate,  
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Table 7.1. (Cont.) 
23.6 mg; niacin, 44.1 mg; folic acid, 1.59 mg; biotin, 0.44 mg; Cu, 20 mg as copper 
chloride; Fe, 125 mg as iron sulfate; I, 1.26 mg as ethylenediamine dihydriodide; Mn, 60.2 mg as 
manganese hydroxychloride; Se, 0.30 mg as sodium selenite and selenium yeast; and Zn, 125.1 
mg as zinc hydroxychloride. 
2Calculated from NRC (2012). 
3STTD = standardized total tract digestible. 
4Amino acids are indicated as standardized ileal digestible AA.
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Table 7.2. Analyzed nutrient composition of the experimental diet, as-fed basis 
Item Glucose diet 
GE, kcal/kg 4,068 
DM, % 91.61 
Ash 2.81 
OM, % 88.81 
CP (N × 6.25), % 17.14 
Ca, % 0.76 
P, % 0.48 
Indispensable AA, %  
Arg 0.69 
His 0.59 
Ile 1.03 
Leu 1.84 
Lys 1.55 
Met 0.55 
Phe 1.00 
Thr 0.84 
Trp 0.20 
Val 1.30 
Dispensable AA, %  
  Ala 0.60 
  Asp 1.38 
  Cys 0.08 
  Glu 4.44 
  Gly 0.36 
  Pro 2.14 
  Ser 1.00 
  Tyr 0.96 
Total AA, % 20.55 
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Table 7.3. Apparent total tract digestibility of energy, DM, and nutrients and the DE and ME of 
diets by pigs infused with saline, xylose, or arabinose1 
a-bValues within a row lacking a common superscript letter are different (P < 0.05). 
1Data are means of 7 observations per treatment.
 Treatment   
Item Saline Xylose Arabinose SEM P-value 
GE, % 98.85  98.25  98.17  0.27 0.180 
DM, % 98.65  98.24  98.02  0.28 0.297 
Ash, % 80.84  79.79  74.68  3.93 0.494 
OM, % 99.21  98.82  98.76  0.18 0.206 
DE, kcal/kg 4022  3998  3994  11 0.178 
ME, kcal/kg 3769  3709  3760  23 0.162 
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Table 7.4. pH and volatile fatty acid concentrations (µmol/g, as-is basis) in feces from pigs 
infused with saline, xylose, or arabinose1 
 Treatment   
Item Saline Xylose Arabinose SEM P-value 
      pH 6.53a 6.60a 6.12b 0.14 0.049 
Acetate 27.59  29.36  33.88  4.44 0.568 
Propionate 7.84  10.09  12.18  1.80 0.236 
Butyrate 1.14b 3.53a 2.08ab 0.51 0.015 
Isobutyrate 4.05b 8.69a 6.33ab 1.46 0.114 
Isovalerate 1.86b 5.84a 3.27b 0.77 0.008 
Valerate 1.58b 4.81a 4.58a 0.90 0.037 
a-bValues within a row lacking a common superscript letter are different (P < 0.05). 
1Data are means of 7 observations per treatment.
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Table 7.5. Amount of sugar infused and free sugar concentration (g) in urine and feces from pigs 
infused with saline, xylose, or arabinose1 
 Treatment   
Item Saline Xylose Arabinose SEM P-value 
Total sugar infused, g - 143.44 143.11 2.13 0.818 
Urine excretion, g      
Glucose 29.16  23.79  19.38  3.66 0.188 
Xylose 1.53b 15.93a 1.33b 1.56 <.001 
Arabinose 1.20b 0.29b 10.21a 1.45 <.001 
Fecal excretion, g      
Glucose 0.04  0.04  0.07  0.01 0.214 
Xylose ND2 ND ND - - 
Arabinose ND ND ND - - 
a-bValues within a row lacking a common superscript letter are different (P < 0.05). 
1Data are means of 7 observations per treatment. 
2ND = not detectable. 
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GENERAL CONCLUSION 
The overall focus of this dissertation was to elucidate aspects of fermentation of dietary 
fiber in diets and feed ingredients fed to pigs. Therefore, research was conducted to test the 
hypothesis that microbial xylanases increase hydrolysis of dietary fiber in corn- or wheat-based 
diets, that values for digestibility of fiber in individual ingredients are additive in mixed diets, 
and that pentoses make contributions to the energy status of pigs by being fermented in the 
hindgut. 
Results indicated that microbial xylanase improved the apparent duodenal digestibility 
(ADD) and the apparent total tract digestibility (ATTD) of nutrients and dietary fiber and the DE 
and ME in wheat-based diets, but this was not the case for corn-based diets. The apparent ileal 
digestibility (AID) of dietary fiber in corn-based diets was improved if distillers dried grains 
with solubles (DDGS) was added, but no difference was observed if wheat middlings was added 
to a wheat-soybean meal diet. The ATTD of dietary fiber was also greater (P < 0.05) in corn-
soybean meal and wheat-soybean meal diets compared with corn-soybean meal-DDGS and 
wheat-soybean meal-wheat middlings diets, which indicates that the concentration of dietary 
fiber may influence the degree of fermentation of fiber. 
For diets based on wheat middlings and soybean hulls, no differences between the 
measured AID, standardized ileal digestibility (SID), ATTD, and standardized total tract 
digestibility (STTD) of most dietary fractions and the predicted values from the individual 
ingredients were observed. Likewise, no differences were observed between the predicted and 
measured AID and SID of all dietary fiber components in diet based on DDGS, wheat middlings, 
and soybean hulls. However, for diets based on DDGS and wheat middlings or DDGS and 
soybean hulls, the measured AID, SID, ATTD, and STTD of some dietary fiber components 
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were different from predicted values. Likewise, measured ATTD and STTD of some dietary 
fiber fractions were different from predicted values in a diet based on DDGS, wheat middlings, 
and soybean hulls. 
Pigs fed a diet containing arabinose had less AID of GE and OM compared with pigs fed 
diets containing xylose or glucose, but no difference was observed for the AID of CP and most 
AA. Likewise, there was no influence of xylose or arabinose on the ATTD of GE, DM, and OM, 
DE, N balance, or biological value of protein compared with a diet containing glucose. However, 
reduced ME in diets containing xylose or arabinose compared with the diet containing glucose 
was observed because of the greater energy excreted in the urines from pigs fed xylose or 
arabinose containing diets compared with pigs fed the glucose diets. High ileal absorption and 
retention rates of glucose, xylose, and arabinose were calculated in this experiment, indicating 
that certain metabolites from xylose or arabinose were excreted in the urine and analyzed as 
energy. 
Infusion of arabinose or xylose in the hindgut of pigs did not increase the ATTD of GE, 
DM, ash, and OM, or the DE and ME of the diets. However, xylose and arabinose were excreted 
in the urines indicating that there is some absorption of xylose and arabinose from the hindgut of 
pigs. Actual absorption of these pentoses may be greater than 11% because xylose or arabinose 
may also be metabolized after absorption, and therefore, metabolites from xylose or arabinose 
may be present in the urine. This may imply that hydrolysis of arabinoxylans in the hindgut of 
pigs may not always result in a positive contribution to the energetic status of the pig, which may 
explain why no improvement in DE or ME of diets is sometimes observed even with increased 
fermentation of dietary fiber. 
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In conclusion, the digestibility of dietary fiber in the stomach and hindgut of pigs and 
energy status of pigs fed wheat-based diets was improved by microbial supplementation, but not 
of pigs fed corn-based diets. Correcting for endogenous losses of fiber does not increase 
additivity of digestibility values for dietary fiber in mixed diets. Dietary pentoses are mostly 
absorbed prior to the distal ileum of pigs and may reduce energy utilization, but they do not 
affect CP utilization in pigs. However, presence of xylose or arabinose in the urine of pigs 
infused with xylose or arabinose in the hindgut indicates that pentoses are partially absorbed in 
the hindgut of the pigs which may imply that hydrolysis of arabinoxylans in the hindgut of the 
pigs may not always improve the DE or ME of diets. 
 
